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Abstract

Actin is a profoundly influential protein; it impacts, among other processes, membrane
morphology, cellular motility, and vesicle transport. Actin can polymerize into long filaments that
push on membranes and provide support for intracellular transport. Actin filaments have polar
ends: the fast-growing (barbed) end and the slow-growing (pointed) end. Depolymerization from
the pointed end supplies monomers for further polymerization at the barbed end. Tropomodulins
(Tmods) cap pointed ends by binding onto actin and tropomyosins (Tpms). Tmods and Tpms have
been shown to regulate many cellular processes; however, very few studies have investigated their
joint role in the nervous system. Recent data directly indicate that they can modulate neuronal
morphology. Additional studies suggest that Tmod and Tpm impact molecular processes
influential in synaptic signaling. To facilitate future research regarding their joint role in actin
regulation in the nervous system, we will comprehensively discuss Tpm and Tmod and their
known functions within molecular systems that influence neuronal development.

Introduction - Actin Regulation in Neuritogenesis

Morphological development of neurons is complex and involves the entirety of the
cytoskeleton. Many signaling pathways converge on and cross talk through the cytoskeleton
to drive changes in cell shape (for reviews see (da Silva and Dotti, 2002; Gomez and
Letourneau, 2014; Hur et al., 2012; Vitriol and Zheng, 2012)). Growing neurites extend from
the cell body; the tip of a growing neurite has a structure called a growth cone. Growth cones
are composed of a lamellipodium-like veil and fine filopodia that extend from the leading
edge of the growth cone and probe the local environment chemically and mechanically
(Mattila and Lappalainen, 2008) to guide neurite outgrowth (Bentley and Toroian-Raymond,
1986). Early neurites specify into either dendrites or an axon. Small protrusions, so-called
dendritic spines, form along the dendritic shafts and associate with axonal termini to form

"Corresponding authors.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gray et al.

Page 2

connections called synapses. Neurotransmitters are released from the presynaptic axon
termini and diffuse through the synaptic cleft to the postsynaptic dendritic spine.

There are six known actin isoforms, askeletal, @cardiac: @smooths Ysmooths Beyto @1d Yeyto
actins, named after either the type of muscle they are found in (cardiac, skeletal, or smooth)
or after their subcellular localization (cytoplasmic) (Perrin and Ervasti, 2010). Neurons are
only known to express the cytoplasmic B and vy actin isoforms (Chiba et al., 1990; McHugh
et al., 1991). Monomeric, globular actin (G-actin) polymerizes to produce actin filaments (F-
actin). The two ends of F-actin have different critical concentrations for incorporation and
loss of monomers; actin filaments have a fast-growing (barbed) and a slow-growing
(pointed) ends. Regulation of the balance between G-actin and F-actin in distinct subcellular
compartments within neurons is instrumental in driving neuronal development and function
for review see (Pak et al., 2008)). The pointed end of actin filaments has largely been
ignored in neuronal studies; they have been considered only as a source of actin monomers
as the filament depolymerizes.

Of several actin populations inside growth cones three are most important for neurite
growth: bundled actin in filopodia, and branched actin in lamellipodia and actin arcs in the
transition zone between the lamellipodia and the central, microtubule-rich region (for review
see (Lowery and Van Vactor, 2009)). In the leading edge of growth cones, distally oriented
barbed ends of actin filaments alter membrane morphology by extending and pushing on the
cellular membrane. Simultaneously, actin monomers depolymerize from the proximally
oriented pointed ends to provide a constant supply of monomers for repolymerization. There
are hosts of proteins and signaling pathways that converge on actin dynamics at the leading
edge (for review see (Ridley, 2011)). Spatial separation in cues gives rise to multiple sub-
populations of actin filaments with distinct properties and functions. For example, in the
lamellipodia of growth cones, actin is highly branched by ARP2/3 (Rotty et al., 2013), while
bundled actin filaments in filopodia give them their narrow shape (Vignjevic et al., 2006).

In addition to its roles in neurite development, actin has extensive functions in the formation
and behavior of both the pre- and post-synapse (for reviews see (Lei et al., 2016; Rust and
Maritzen, 2015)). Actin provides structures for the localization and transport of synaptic
vesicles to and from the readily releasable pool of vesicles in axon termini. The dynamic
behavior of actin is necessary for fusion of vesicles with the membrane and may also play a
role in endo- and exocytosis at the pre-synaptic membrane (for review see (Cingolani and
Goda, 2008)). The presynaptic neuron releases signals released into the synaptic cleft. The
postsynaptic neuron receives the signal through dendritic spines and then translate, process
and further propagate the message.

Actin’s versatility arises from the incredible number of actin-associated proteins that alter
actin dynamics or use actin as a structural support for transport. Modes of actin regulation
include sequestering or activating actin monomers, stabilizing or destabilizing actin
filaments, capping or uncapping actin filaments, and increasing growth rates of actin
filaments, reviewed in (dos Remedios et al., 2003). Molecular motors utilize actin filaments
to alter cell shape and transport vesicles (for reviews see (Arnold and Gallo, 2014; Hirokawa
etal., 2010)).
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There is still considerable work to do in order to fully understand the role of actin dynamics
at the pointed ends in the nervous system. In the literature actin dynamics at the pointed ends
is considered critical to control the supply of actin monomers to be polymerized at the
barbed end. Pointed ends can be capped by tropomodulins (Tmods), which bind directly
onto the pointed end of actin filaments and onto tropomyosins (Tpms), which form a co-
polymer with the actin filament (Figure 1B) These proteins have been scantily studied in the
nervous system even though they influence many aspects of cells, including cell shape and
motility (summarized in Table 1); some evidence suggests that they are connected with
disease pathology, such as Alzheimer’s disease, Down syndrome and epilepsy (summarized
in Table 2). Tpms are so influential that they have been dubbed “the “master regulator of
actin filaments” (Gunning et al., 2015b).

Tropomodulins and Tropomyosins — Discovery, Structure, and Regulation

Tmod Discovery and Isoforms

The first Tmod isoform (Tmod1) was identified in 1987 as a 43 kDa, Tpm-binding protein
from erythrocyte membranes (Fowler, 1987). An additional three isoforms (Tmod2, Tmod3,
and Tmod4) have since been identified (Almenar-Queralt et al., 1999; Cox and Zoghbi,
2000; Watakabe et al., 1996). Tmod1 and Tmod3 are expressed in many tissues including
the brain; Tmod2 is expressed only in the brain (Almenar-Queralt et al., 1999; Cox and
Zoghbi, 2000; Fowler, 1987; Watakabe et al., 1996) (see Table 1 for details on Tmod
isoforms in the brain and their functional characterization). Tmod Structure. Tmods have
four characterized binding sites, two actin binding sites and two Tpm binding sites (Fowler
et al., 2003; Greenfield and Fowler, 2002; Greenfield et al., 2005; Kostyukova et al., 2006;
Kostyukova et al., 2005). Tmods can be divided into two structurally and functionally
distinct halves (Figure 1C). The N-terminal domain is largely disordered until binding to the
pointed end (Kostyukova et al., 2000; Kostyukova et al., 2001). This domain contains two
Tpm-binding sites (Tpm binding site 1 and 2) which flank the first actin-binding site (actin-
binding site 1) (Greenfield and Fowler, 2002; Greenfield et al., 2005; Kostyukova et al.,
2006; Kostyukova et al., 2005). Tmodl’s actin-binding site 1 binds actin across an extended
surface which contains residues 64—77 of Tmod1 (Kostyukova et al., 2005) (Rao et al.,
2014). In contrast to the N-terminal domain, the C-terminal domain is well-structured, and
contains leucine-rich-repeat (LRR) domain (Krieger et al., 2002). The LRR domain is the
other actin-binding site (actin-binding site 2) (Fowler et al., 2003; Rao et al., 2014). The
LRR domain forms a repeated pattern of a-helices and p-strands, and the C-terminal a-helix
blocks solvent from the domain’s hydrophobic core (Krieger et al., 2002), this motif is
common among LRR containing proteins (for review see (Bella et al., 2008)). The Pa-loops
have residues with large side chains that create an extended ridge (Krieger et al., 2002). The
ap-loops have a series of asparagine residues that form hydrogen bonds in a motif called an
asparagine ladder. Tmod2’s LRR domain has a structure similar to Tmod1, but was less
resistant to denaturation by urea and more susceptible to protease degradation (Guillaud et
al., 2014). The difference in stability of Tmod1’s and Tmod2’s LRR domains may be
explained by difference in the orientation of the C-terminal a-helix, which is crucial for the
LRR domain’s ability to bind actin (Colpan et al., 2016; Kostyukova and Hitchcock-
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DeGregori, 2004). These differences may contribute to the difference in affinity for actin
monomers.

Tmod Expression Regulation

Little is known about the transcriptomic and genomic regulation of Tmods. Here we
summarize knockout experiments and experiments that connect miRNAs and wnt/NF-xB
pathways to Tmod expression levels. Tmod1 and Tmod3 knockout result in embryonic
lethality due to disrupted heart formation and erythroid differentiation, respectively (Fritz-
Six et al., 2003; Ono et al., 2005; Sui et al., 2014). In contrast, Tmod2 knockout is not lethal
but results in impaired neurological development (Cox et al., 2003). Interestingly, in both
Tmod1 and Tmod2 knockout, cells compensate for the lack of the specific isoform by
altering expression and organization of the remaining isoforms (Cox et al., 2003; Moyer et
al., 2010a);however, it is not enough to recover the lost function in either case.

Two miRNA'’s have been shown to regulate Tmod expression; miRNA-23b-3p and
miRNA-191 regulate Tmod1 and Tmod2 respectively. Erythroleukemia cells down-regulate
mMiRNA-23b-3p in response to shear stress (Mu et al., 2015). Mu et al. speculate that Tmod1
is upregulated to further stabilized F-actin to increase resistance to shear stress. Tmod?2
expression is increased in chemically induced long-term depression (LTD) by down-
regulation of miRNA-191 (Hu et al., 2014).

Tmod1 expression has been connected to noncanonical wnt signaling pathways (Yun et al.,
2007). Whnt signaling modulates many cellular functions including tissue development,
cellular polarity and motility, reviewed in (Gomez-Orte et al., 2013; MacDonald et al., 2009;
Rao and Kuhl, 2010). In neurons, wnt is a powerful modulator of development of nervous
system affecting development of axons, dendrites and dendritic spines; components of the
whnt signaling pathways are disrupted in Alzheimer’s Disease (for a review, see (Rosso and
Inestrosa, 2013)). Tmod1 was up-regulated by non-canonical wnt signaling in L929 cells
(Yun et al., 2007). This pathway regulated maotility and altered cell shape, which are known
to be altered by changes in Tmod expression (Fath et al., 2011; Fischer et al., 2003; Guillaud
etal., 2014; Moroz et al., 2013a). We have shown that overexpression of Tmod1 increases
the complexity of the dendritic arbor (Gray et al., 2016). These two observations suggest that
upregulation of Tmod1 via wnt signaling could be a mechanism by which the brain may
signal to increase dendritic complexity. 7mod regulation by post-translational modifications.
Several post-translational modifications of Tmod2 were observed in a proteomic study,
including fucosylation of serine 125, hydroxylation on asparagine 142, gamma-
carboxylation on glutamic acids 276 and 280 and aspartic acid 282, and hyposin
modification on lysine 316 (Sun et al., 2011). However, the study did not investigate the
consequences of these modifications.

Tmods can be phosphorylated; for example, Tmod1 was found to be phosphorylated in
cardiomyocytes (Bliss et al., 2014). TRPM7 phosphorylates Tmod1 (Dorovkov et al., 2008)
and Tmod2 (Kostyukova, Dorovkov, unpublished) /n vitro. Overexpression of a phospho-
mimic Tmod1 in cardiomyocytes had weakened association with pointed ends and did not
decrease thin filament length like either of the wild-type or phospho-null mutant (Bliss et al.,
2014). TRPMY7 is involved in actin regulation and cell death in neurons (for review see
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(Asrar and Aarts, 2013)). TRPM7 is known to inactivate LIMK1 which in turn is a
suppressor of cofilin (Arber et al., 1998; Meng et al., 2003; Meng et al., 2002). Recently,
inhibition and knockdown of TRPM7 was shown to increase the rate of progression through
neuronal development stages and increase the length of axons (Turlova et al., 2016). Some
of TPRM7’s effects could be through phosphorylation of Tmods, which are present in
axonal shafts (Fath et al., 2011).

Tmod1 has been shown to be phosphorylated by Protein Kinase C (PKC) a (Wagner et al.,
2002). PKCs are a family of calcium-dependent kinases that modulate the actin cytoskeleton
(Larsson, 2006). In most cell types, activation of PKCs results in a loss of stress fibers and
increases membrane ruffles and cellular migration.

Recently, Tmod3 was found to be phosphorylated by akt2 in actin-binding site 1 in insulin-
treated adipocytes (Lim et al., 2015; Lim and Han, 2014). Phosphorylation of Tmod3
increased fusion of vesicles carrying the glucose transporter GLUT4 in the cellular
membrane. Glucose-related signaling is known to affect hippocampal neural plasticity
(reviewed in (Mainardi et al., 2015)).

Tpm Discovery and Isoforms

Bailey et al. first purified Tpm from skeletal and cardiac muscle in 1946, and described it as
“an unusual protein of fibrous character” (Bailey, 1946). It was not until the 1970°s when
non-muscle Tpms were found in the brain and other tissues (Fine et al., 1973). Early studies
began to document the diversity of Tpms, noting variations in length, amino acid
composition, affinity for actin, and began to speculate on the diversity of their functions. The
Tpm family has expanded to include four genes (TPM1, TPMZ2, TPM3, and TPM4,
previously a-Tm, B-Tm, y-Tm, 6-Tm respectively) which give rise to pre-mRNA that can
be alternatively spliced into 40 known isoforms (reviewed in (Gunning et al., 2008)). In this
review, we will use a recently offered systematic nomenclature for Tpms (Geeves et al.,
2015). When discussing closely numbered Tpms such as Tpm3.1 and Tpm3.2, we will refer
to them as Tpm3.1/2. Neuronal cells express products of the 7PM1, TPM3, and TPMA4
genes. There are three brain-specific Tpm isoforms (Tpm1.10, Tpm1.11, Tpm1.12,
previously TmBrl, TmBr2, and TmBr3) (Lees-Miller et al., 1990) (see Table 1 for details on
Tpm isoforms in the brain and their functional characterization). Tpms are divided into two
broad categories based on size: high molecular weight (HMW) or low molecular weight
(LMW). HMW isoforms contain the 1a and 2a/b exons. LMW isoforms contain the 1b exon
in place of the 1a exon and lack the 2a/b exons.

Tpm Structure

The structure and function of Tpms have been extensively reviewed recently (Gunning et al.,
2015a; Gunning et al., 2015b). Tpm is an a-helical protein which dimerizes in a head-to-tail
fashion to form a left-handed coiled-coil structure. Tpm binds to actin filaments through
Tpm’s negative surface residues which interact with the positive residues in F-actin’s major
groove (von der Ecken et al., 2015).
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Tpm Regulation by post-translational modification

The most studied post-translational modification of Tpms is acetylation of its N-terminus.
Acetylation supports the formation of the coiled-coil structure, local to the N-terminus
(Brown et al., 2001). Disruption of Tpm’s coiled coil near the N-terminus by either
mutagenesis or removing the acetyl group from the 1a exon of Tpms reduces actin binding
(Moraczewska et al., 2000) and Tmod binding (Greenfield and Fowler, 2002). This is
especially important for HMW Tpms; however, Tmods can effectively cap actin filaments
decorated with LMW non-acetylated Tpms (Colpan et al., 2016; Kostyukova and Hitchcock-
DeGregori, 2004; Kostyukova et al., 2007). Inhibition of the N-terminal acetyltransferase B
complex (NatB), which acetylates Tpms, causes loss of actin stress fibers (Van Damme et
al., 2012). Studies in yeast furthermore suggest a role for Tpm acetylation by NatB (Singer
and Shaw, 2003) in regulating the motility of specific myosins (Coulton et al., 2010).
Acetylation of yeast tropomyosin (Cdc8) influences the motility of class 11 myosins but does
not impact on the motility of class | and V myosins (Coulton et al., 2010). Although there is
evidence for the functional regulation of Tpms by acetylation in neuronal growth cones
(discussed below), there is currently no evidence for acetylation of Tpms at synaptic
connections in the brain.

Tpms containing the 9a exon can be specifically phosphorylated at S283 near the C-terminus
(Mak et al., 1978) by PKCC or DAP Kinase (Houle et al., 2007; Wu and Solaro, 2007).
Phosphorylation of Tpm does not cause measurable changes in direct interactions with actin
but alters the recruitment of myosins onto thin filaments (Rao et al., 2009). Structural studies
indicate that this phosphorylation causes an increase in stiffness of the Tpm-Tpm binding
junction (Lehman et al., 2015). Hippocampal neurons express PKC( (Wu et al., 2012).
There is a neural-specific splice variant of PKC(C (PKMC() which has been implicated in
learning and memory (Hernandez et al., 2003). PKC( phosphorylation of Tpms may be a
mechanism by which PKC( can alter actin regulation in neurons and alter synaptic strength
and plasticity. It is interesting that both Tmod1 and Tpms have been shown to be
phosphorylated by different PKC isoforms; there may be a larger theme of pointed end
regulation connected through calcium-activated PKCs. DAP kinase is associated with
dendrite and axon retraction in ceramide-induced neuronal apoptosis (Pelled et al., 2002;
Venkataraman and Futerman, 2000). Tpms are a logical target for DAP kinase because Tpms
stabilize F-actin, which is lost during apoptosis.

Tropomodulins and Tropomyosins Regulate Actin Independently and
Synergistically

Tmods and Tpms each have specific roles in modulating actin filaments and dynamics, they
also synergistically form a cap on the pointed ends of filaments. Here we will discuss their
respective and emergent roles in regulating actin. Tmods binding to G-actin can alter actin
dynamics in two different modes: (1) by sequestering actin (Fischer et al., 2006) and (2) by
nucleating actin filaments (Yamashiro et al., 2010). When Tmod binds one actin monomer it
acts as an actin sequestering protein. When Tmod binds two actin monomers, it acts as a
nucleator. Tmod2 has the strongest actin nucleating ability while Tmod1 has the weakest
(Yamashiro et al., 2010).
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Tpms bestow actin filaments with defined physical and mechanical properties. The vast
diversity of Tpms generates a remarkable variety of actin filament sub-populations. Tpms
alter the mechanical and physical properties of actin filaments by two broad mechanisms:
(1) affecting stability and structure and (2) by modifying the recruitment of other actin-
associated proteins.

As Tmods, Tpms also have isoform-specific impacts on actin polymerization rates (Janco et
al., 2016; Kis-Bicskei et al., 2013; Robaszkiewicz et al., 2016) and either increase or
decrease the rate. Tpms regulate actin branching by ARP2/3 (Blanchoin et al., 2001) in an
isoform-specific manner (Brayford et al., 2016; Kis-Bicskei et al., 2013). They also have
differential effects on the activity of the actin filament severing proteins, such as ADF/cofilin
(Bryce et al., 2003; Curthoys et al., 2014; Gateva et al., 2017; Robaszkiewicz et al., 2016).
The mechanical properties of actin filaments are influenced by the ability of Tpms to allow
or block the access of the actin motor protein myosin 11 (Bryce et al., 2003). Tpms can
uncap and anneal actin fragments that have been severed and capped by gelsolin (Ishikawa
et al., 1989a; Ishikawa et al., 1989b). A single Tpm isoform can have a broad range of
impacts on a filament, for example, Tpm3.1 can inhibit ARP2/3 recruitment (Brayford et al.,
2016), reduce cofilin-1 binding to F-actin (Robaszkiewicz et al., 2016) and recruit myosin
1B (Bryce et al., 2003). Importantly, recent data highlight the complexity by which Tpm
isoforms regulate actin dynamics in cells as compared to in vitro reconstituted systems
(Gateva et al., 2017; Ostrowska et al., 2017). Cells overexpression of Tpm3.1 (Bryce et al.,
2003) and Tpm4.2 (Curthoys et al., 2014) show increased inactivation of cofilin as indicated
by an increase in phosphorylated cofilin over total cofilin levels. In contrast, Tpm3.1,
Tpm3.2 (showing close homology to Tpm3.1) and Tpm4.2 did not inhibit severing of in
vitro assembled actin filaments by cofilin (Gateva et al., 2017; Ostrowska et al., 2017). This
apparent difference in Tpm activity in vitro and in vivo may be due to Tpm regulating
upstream kinases and/or phosphatase of cofilin in a cellular environment which are absent in
the reconstituted system in vitro. The study by Gateva and colleagues further suggests that
structural differences of Tpms are contributing to their differential regulation of activity and
access of other actin-associated proteins to actin filaments. While HMW Tpm1.6 and 1.7
protected actin filaments from cofilin-mediated disassembly and did not activate non-muscle
myosin lla, LMW Tpma3.1, 3.2 and 4.2 showed the opposite effect (Gateva et al., 2017;
Ostrowska et al., 2017). Further experiments will be needed to establish the structure/
function relationship of different Tpms in regulating the stability and dynamic properties of
actin filaments.

Tmods are largely regarded as an actin pointed end capping protein (Gregorio et al., 1995;
Weber et al., 1994). Only a single Tmod is necessary to cap the pointed end once bound
(Kostyukova et al., 2006). Tmod caps by binding the pointed end through concerted action
of its actin-binding sites and two Tpm binding sites (Fowler et al., 2003; Kostyukova et al.,
2007). The interaction between Tmod and Tpm enhances the capping many fold (Weber et
al., 1994). The affinities of Tmods’ binding sites vary between isoforms (Colpan et al., 2016;
Uversky et al., 2011; Yamashiro et al., 2010). This gives rise to isoform specific variances in
binding to different Tpm-decorated actin filaments (Colpan et al., 2016; Yamashiro et al.,
2014). For instance, Tmod3 binds to the pointed ends of actin filaments decorated with
Tpm3.1 more tightly than either Tmod1 or Tmod2 (Colpan et al., 2016). This variation in

Mol Cell Neurosci. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gray et al.

Page 8

binding affinities give rise to additional degrees of complexity in actin regulation as Tmods
can non-exclusively bind onto many types of filaments in a cellular subdomain.

Tropomodulins and Tropomyosins Regulate Neuronal Morphology

While Tpms and Tmods are intimately related at the pointed ends of actin filaments, only
one paper has studied the importance of their interaction in neurons (Gray et al., 2016). Here
we will explore the known roles of Tpms and Tmods on the formation of growth cones,
dendrites, dendritic spines, and axons.

Influence of Tmod and Tpm on nervous system

Tmod2 expression was found throughout the brain, especially in the cortex, hippocampus,
olfactory bulbs, brainstem and cerebellum (Cox et al., 2003). The knockout of Tmod2 in
mouse line did not cause any gross anatomical differences; however, it did cause reduced
sensorimotor gating, hyperactivity, and deficits in learning and memory (Cox et al., 2003).
Studies of selective knockout of Tpm isoforms do not report any gross anatomical or
behavioral changes (Fath et al., 2010; Vrhovski et al., 2004).

Growth Cones

Dendrites

Tmod1 and Tmod2 have different localization patterns in hippocampal neurons in cultures
(Fath et al., 2011). Tmod2 has a diffuse localization and is enriched in the center of growth
cones. Tmod1 was also found to be diffusely distributed but localized to lamellipodia and
radial actin. Tmodl’s localization seems to be developmentally regulated, shifting from a
distal to a more uniform localization during maturation. These differential localizations
suggest that Tmod1 and Tmod2 may impact different actin sub-populations in neurons.

Several Tpm isoforms from the 7PM1, TPM3and TPM4 genes have been found in the
growth cones of newly formed neurites, including the Tpm1.8/9, Tpm3.1/2 and Tpm4.2. The
pool of Tpms in the growth cone is instrumental in regulating filamentous actin (Schevzov et
al., 2008). Disruption of the expression of Tpm3.1/2 caused a modest decrease in the area of
growth cones, a small increase in the growth cone protrusion rate, and increased the number
of dendritic and axonal branches (Fath et al., 2010). Mice lacking Tpm3.1/2 had a
compensatory upregulation of Tpms containing the 9c exon from the 7PM3 gene which may
result in partial functional compensation.

Although a detailed study on the subcellular interaction between Tmods and Tpms in the
growth cones is still lacking, recent findings suggest a close interaction between Tpms and
Tmods in growth cones (Gray et al., 2016). Proximity ligation assays (Figure 2) indicated
proximity between exogenously expressed Tmod1 and Tmod2 with the endogenous Tpm3.1/
Tpm3.2 in growth cones of developing hippocampal neurons (Gray et al., 2016).

Recent data suggest isoform-specific roles of Tmod1, Tmod2, and Tmod3 in the
development of the dendritic arbor in primary hippocampal neurons (Gray et al., 2016). Both
Tmod1 and Tmod2 overexpression increased dendritic complexity. Tmod1 increased

Mol Cell Neurosci. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gray et al.

Page 9

branching more distally from the cell body than Tmod2. The difference in dendritic
branching mirrored the relative localization observed previously (Gray et al., 2016).
Interestingly, Tmod3 had no effect on dendrite formation.

The most extensively studied Tpm in the context of neuronal morphogenesis is Tpm3.1.
Overexpression of Tpm3.1 in cortical mouse neurons leads to an increase in axonal and
dendritic arborization (Schevzov et al., 2005). Knockout of Tpm3.1/2 in mice leads to an
increase in the branching of axons and dendrites in primary mouse neurons (Fath et al.,
2010). These two pieces of information suggest that maintaining a precise pool of expressed
Tpm3.1/2 is critical for the regulation of neurite arborization. Additionally, exogenous
expression of Tpm1.7 increases dendritic complexity (Schevzov et al., 2005).

Dendritic Spines and the Synapse

In vivo and in vitro studies have connected brain-specific Tmod2 to synapse development
(Cox et al., 2003; Gray et al., 2016; Hu et al., 2014). Knockout of Tmod2 increased long-
term potentiation (LTP) in brain slices (Cox et al., 2003). This result was the first evidence
implicating Tmod2 and synaptic signaling. Later, Tmod2 was found to be upregulated
through altered expression of miRNA-191 after chemically induced long-term depression
(LTD) (Hu et al., 2014) by treatment of neurons with glutamate, which overactivates NMDA
receptors and weakens synaptic strength (Luscher and Malenka, 2012). Recently, Tmod2
overexpression was shown to cause an increase in the number of mature dendritic spines in
hippocampal neurons (Gray et al., 2016).

There is some inconsistency between the observations that Tmod2 knockout causes an
increase in LTP, and its overexpression causes spine maturation which is expected to
enhance LTP. This inconsistency could be reconciled by (1) alterations to signaling pathways
that act through Tmod2 or (2) altered expression of other proteins caused by the knockout.
Hu et al. suggest that Tmod2 is a central point in a pathway that regulates spine dynamics
(Hu et al., 2014). There are several post-translational modifications of Tmod2 (Sun et al.,
2011) which may affect its function but are entirely unexplored in the literature. Perhaps
these unstudied post-translational modifications regulate Tmod?2 function in dendritic spines.
An alternative explanation builds upon the observation that Tmod2 knockout causes an
eight-fold upregulation of Tmod1 (Cox et al., 2003). Tmod1 overexpression causes an
increase in the number of less mature filopodia and thin spines (Gray et al., 2016), which
complicates the direct reasoning that reducing Tmod2 increases LTP.

Interestingly, Tmod1 and Tmod2 seem to differentially require their Tpm-binding abilities to
impact neural morphology; Tmod1 requires its Tpm binding ability while Tmod2 does not
(Gray et al., 2016). This is a clear indicator that Tmod-Tpm interactions are important in
spinogenesis and depend on Tmod isoform. Previous work has shown the presence of
products from both the 7PM3and the 7PM4 gene in the postsynaptic compartment (Guven
etal., 2011; Had et al., 1994). The presence of a diverse set of Tpm isoforms in this
compartment and their differential interaction with Tmod1 and Tmod2 provides a potential
mechanism of fine-tuning the regulation of the synaptic actin filament system. More
information is needed to understand the full impact of the interactions between Tmods and
Tpms in the synaptic compartment.
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All we know about Tmods in axons is that both Tmod1, and Tmod2 have been found in
axonal shafts seven days after plating (Fath et al., 2011). There is more information about
the localization of Tpms with axonal development. Tpm1.8/9 mRNA and protein are
spatially regulated in neurons with development; they initially localize to the base of a
forming neurite, then along the axon and then is restricted into the soma at later stages of
differentiation (Hannan et al., 1995; Weinberger et al., 1996). Expression of exogenous
Tpm1.7 and Tpm3.1 alter neural morphology in an isoform-specific manner (Schevzov et
al., 2005). Tpm3.1 overexpression increased both dendritic and axonal complexity while
Tpm1.7 decreased dendritic complexity. Tpm3.1 overexpressing neurons also showed larger
growth cones, increased recruitment of myosins and Tpm1.8 into growth cones. These
effects are not seen in Tpm1.7 overexpressing neurons.

Tmod and Tpm in Neurological Disease

Despite increasing evidence for an important role of Tmods and Tpms in regulating
morphogenesis and function of the nervous system, their roles in diseases of the nervous
system are largely unknown, and no neurological disease-causing mutations have been found
in these proteins to date. Aberrant expression of Tmods in the brain has been observed in
several neurological conditions. Tmod2 mRNA increases after kainic acid induced seizures
without an associated increase in protein amount (Sussman et al., 1994). Tmod2 and several
other cytoskeletal proteins have reduced expression in epilepsy (Yang et al., 2006). Tmod?2
MRNA is increased 30% after stroke (Chen et al., 2007). Tmod2 expression was found
increased 25% after methamphetamine exposure in rats (lwazaki et al., 2006) and tripled in
Down syndrome (Sun et al., 2011). Possible connections between Tpms and
neurodegenerative diseases are listed in Table 2 and have been recently reviewed in more
detail (Brettle et al., 2016).

Future Directions

There is still considerable work to be done to understand actin pointed end regulation in
cells of the nervous system and roles of Tmods and Tpms. Here we will explore some
possible future directions for the studies of Tmods, Tpms and their influence in the nervous
system.

Tmod3 is expressed in the brain but has been largely unstudied in the nervous system. In the
only study of its role in neuronal development through overexpression, no impact was
observed on either dendritic complexity or spine morphology (Gray et al., 2016). We
hypothesize that Tmod3’s function is reserved for other purposes; one of these purposes
could be regulating vesicle transport and their fusion with the cellular membrane. Recently,
Tmod3 was found to be phosphorylated by Akt2 in adipocytes in response to insulin
treatment (Lim et al., 2015). Fusion of GLUT4 carrying vesicles with the cellular membrane
was found to be dependent on Tmod3 phosphorylation. Further investigation revealed that
Tpm3.1 decoration defines F-actin sub-population impacted in this process (Kee et al.,
2015). Tmod3’s function in neurons might be to regulate the dynamics of actin involved in
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vesicle transport. If this is the case, then Tmod3 should affect incorporation of membrane
proteins and, by extension, synaptic signaling.

The impacts of Tmods on the axonal compartment are entirely unknown. The actin-spectrin
network has a unique periodic structure along the axon (He et al., 2016; Xu et al., 2013).
Tmods are known to be important players in regulating the length of actin filaments in the
actin-spectrin network of red blood cells (Moyer et al., 2010b). Tmods may similarly define
the length of actin filaments in the axonal actin-spectrin network. Furthermore, Akt2 is a
known regulator of axonal length (Diez et al., 2012). This suggests that Tmods may be
regulated by Akt2 in axons as well.

Two studies have used PC12 cells as a model system to study Tmods in neurite development
(Guillaud et al., 2014; Moroz et al., 2013a). Although the impact of altered Tmod expression
is quite different in primary neurons, the use of Tmod mutants hint at interesting differences
in the function of Tmod’s LRR domain in neural morphology (Guillaud et al., 2014). Note,
both Tmod1 and Tmod?2 overexpression in hippocampal neurons increased the complexity of
the dendritic arbor (Gray et al., 2016). In contrast, Tmod1 overexpression in PC12 cells had
no impact on the number of neurite-like processes, while Tmod2 overexpression decreased
them (Moroz et al., 2013b). Overexpression of either Tmod1 or Tmod2’s N-terminal domain
reduces the number and length of neurite-like processes. Interestingly, overexpression of
Tmod1 or a chimeric Tmod with Tmod2’s N-terminal domain with Tmod1’s LRR domain
resulted in a “normal” phenotype, similar to Tmod1 overexpression. In cardiomyocytes, the
LRR domain of Tmod1 is necessary for localization to the pointed ends (Tsukada et al.,
2011). The LRR domains of Tmods may be similarly essential for shuttling Tmods to their
respective locations in neurons. Additionally, a set of Tmod1 mutations was developed that
specifically alter affinity for Tpm isoforms (Moroz et al., 2013a; Uversky et al., 2011); these
mutations will be useful tools for further elucidating the functional significance of Tmod-
Tpm interactions in the brain.

Beyond the shuttling of Tmods in neurons other significant questions remain to be answered
about regulation of Tmods’ transcription and translation. One such question is: what is the
mechanism that causes the upregulation of Tmod1 after Tmod2 knockout? As previously
noted, Tmod2 knockout in mice resulted in an eight-fold increase of Tmodl in the brain
(Cox et al., 2003). The mechanism(s) of cross talk between the expressions of Tmod
isoforms is unknown.

Another question lies in the observation that increased Tmod1 expression resulted in up-
regulation of matrix metallopeptidase (MMP) 13 through stabilization of p-catenin (Ito-
Kureha et al., 2015). MMPs are influential in the reorganization of the extracellular matrix.
MMP9 is known to be upregulated by increasing p-catenin in neuronal stem cells (Ingraham
et al., 2011) increasing spine length and reducing spine width (Michaluk et al., 2011).
Tmod1 overexpression in hippocampal neurons increases dendritic spine length (Gray et al.,
2016). Tmod1 stabilization may alter spine morphology via altering actin both directly and
indirectly by stabilizing p-catenin and increasing MMP reorganization of the extracellular
matrix.
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Considerable effort has been spent on studying the effect of Tpm expression on the
morphology of another type of neuron-like model cell line, B35 neuroblastoma cells.
Altered expression of Tpm1.10, Tpm1.11, Tpm1.12 and Tpm4.2 (previously, TmBr1,
TmBr2, TmBr3 and TM4 respectively) have a myriad of effects on B35 cell morphology
(Curthoys et al., 2014). Tpm3.1 overexpression and knockout impact neurite extension and
branching. Overexpression of Tpm3.1 increases the number and length of focal adhesions in
B35 cells (Bach et al., 2009). Overexpression of Tpm1.12, Tpm3.1, and Tpm4.2 each
increase the elastic modulus of B35 membranes (Jalilian et al., 2015). These data indicate
the broad impacts Tpms can have /n vivo. There is considerable work to be done in
confirming Tpms’ effect in primary neurons and understanding the impacts of altered Tpm
expression in neurons.

Conclusion

Morphological development of neurons is staggeringly complex, and there are many
unanswered questions about the underlying mechanisms that drive and regulate
development. Actin is an exceptionally influential protein in morphological development.
Actin impacts, among other processes, membrane morphology, cellular motility, and vesicle
transport. An essential part of behavior of actin filaments is the dynamics of the slow-
growing, pointed end. The pointed end can be capped by the concerted binding of Tmod and
Tpm onto the pointed end. Direct evidence and inferences from studies using other cell types
indicate that these proteins impact the brain and neuronal morphology, and regulate synaptic
plasticity and signaling. Although the present evidence highlights the importance of these
proteins and their interactions, there is still work to be done. We outlined here some of the
most pressing questions about the roles of Tmods and Tpms in the nervous system. Future
work in this field will significantly expand on the regulation of the cytoskeleton and how it
formulates the brain.
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. Review on the role of tropomodulins and tropomyosins in neurons
. Discussion of the interaction between tropomodulin and tropomyosin in
neurite outgrowth
. Dysregulation of the actin tropomodulins, tropomyosins and the actin

cytoskeleton in the diseased or injured nervous system
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Figure 1.
(A) Schematic of an actin filament. (B) Schematic of actin pointed-end capping by Tmod,

modified from (Colpan et al., 2013) which was adapted from (Kostyukova et al., 2006). (C)
Tmod structural domains and functional sites.
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GFP-Tmod2

Figure 2. Proximity ligation assay (PLA) demonstrating close proximity between Tmod2 and
Tpm3.1/2
GFP-tagged Tmod2, expressed in mouse hippocampal neurons, cultured for 3 days shows

close proximity to endogenous Tpm3.1/2. The red PLA-positive puncta, which indicate
close proximity between Tmod and Tpm, are located in F-actin rich structures of the
extending neurites. Note the growth cone enlarged in the zoomed insert (bottom left corner).
Scale Bar = 20pm.
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Expression and regulatory function of Tmods and Tpms in neurons
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Tmod isoform

Expression / Function

mRNA/Protein

System

Reference

Promotes increase in neurite branching

Mol Cell Neurosci. Author manuscript; available in PMC 2018 October 01.

Tmod1 Localizes to neuronal growth cones with Protein Rat primary hippocampal neurons | (Fathetal., 2011)
developmental shift from proximal to a
more uniform localization
Knockdown of Tmod1 leads to increased Protein Mouse N2a neuroblastoma cell (Fath et al., 2011)
neurite extension
Increase in dendritic complexity in Protein Rat primary hippocampal neurons | (Gray et al., 2016)
response to Tmod1 overexpression
Increase in the number of filopodia/thin Protein Rat primary hippocampal neurons | (Gray et al., 2016)
spines and total number of spines in
response to Tmod1 overexpression
Tmod2 Knockdown of Tmod2 leads to decreased Protein Rat primary hippocampal neurons | (Fath et al., 2011)
neurite extension
Increase in dendritic complexity in Protein Rat primary hippocampal neurons | (Gray et al., 2016)
response to Tmod2 overexpression
Increase in the number of mushroom/ Protein Rat primary hippocampal neurons | (Gray et al., 2016)
stubby spines and total number of spines in
response to Tmod2 overexpression
Depletion leads reduced sensorimotor mRNA/Protein Knockout mice (Cox et al., 2003)
gating, hyperactivity and to enhanced LTP
with deficits in learning and memory
Compensatory upregulation of Tmod1 Protein Mouse hippocampal slices and (Cox et al., 2003)
cultured mouse hippocampal
neurons
Increased expression in response to Protein (Hu et al., 2014)
chemically induced LTD by down
regulation of miRNA-191
Tmod3 Expressed in the brain Protein Protein (Cox and Zoghbi,
2000)
Overexpression did not impact complexity Protein Rat primary hippocampal neurons | (Gray et al., 2016)
of dendritic arbor or dendritic spines
Tpm1.8/9 Localization to growth cones in early Protein Mouse primary cortical neurons (Schevzov et al.,
developing neurons 2005)
(Schevzov et al.,
1997)
Tpm1.10 Promotes reduction in growth cone size Protein B35 rat neuroblastoma cells (Curthoys et al.,
2014)
Tpml.11 Present throughout the cell soma of the MRNA Embryonal day 13 rat midbrain (Hannan et al.,
developing neuron Mouse primary cortical neurons 1995)
Promotes increase in neurite extension Protein Embryonal day 13 rat midbrain (Hannan et al.,
1996)
Protein B35 rat neuroblastoma cells (Curthoys et al.,
2014)
Tpml.12 Localization in cell bodies and neurites Protein Rat primary mesencephalic and (Stamm et al.,
cortical neurons 1993)
Promotes increase in growth cone size Protein B35 rat neuroblastoma cells (Curthoys et al.,
Promotes increase in filopodia formation 2014)
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Tmod isoform

Expression / Function

mRNA/Protein

System

Reference

Promotes increase in neurite branching

Tpm1.10/1.12 Localization to the presynaptic Protein Mouse primary hippocampal (Guven et al., 2011)

compartment neurons
Rat cerebellar tissue (Had et al., 1994)

Tpm3.1-3.11 Localization to the postsynaptic Protein Mouse primary hippocampal (Guven et al., 2011)
compartment neurons

Tpm3.1 Regulation of axonal and dendritic Protein Tpma3.1-transgenic mice /mouse (Schevzov et al.,
outgrowth and growth cone size primary cortical neurons 2005) (Fath et al.,

2010)
Regulation of the actin polymer in growth Tpma3.1-transgenic mice/mouse (Schevzov et al.,
cones primary hippocampal neurons 2008)

Tpm3.1/2 Localization to cell body in immature mRNA Mouse primary cortical neurons (Hannan et al.,
neurons, localization to the axon hillock in Adult rat cerebellum 1995)
differentiating and recession to the cell
body in mature neurons
Localization to the developing axon, absent | Protein Embryonic day 13 rat dorsal root (Hannan et al.,
from the neuronal soma ganglia 1998)

Regulation of axonal and dendritic Protein Tpm3.1/2-knockout mice Mouse (Fath et al., 2010)

outgrowth and growth cone size primary cortical neurons

Distributed throughout cell body, not mMRNA Differentiated PC12 cells (Hannan et al.,

present in neurites 1995)

Enriched at the periphery of cell body, Protein Differentiated PC12 cells (Hannan et al.,

extending into all neurites 1995)
Tpm3.3/3.5 Pyramidal cell bodies Protein Postnatal day 5 mouse cerebellum | (Vrhovski et al.,

2003)

Compensatory upregulation in the brain in Protein Mouse brain (Vrhovski et al.,

response to Tpm 3.4/3.7 knockout 2004)

Tpm3.4/3.7 Enriched in the molecular layer, the Protein Adult rat cerebellum (Dufour et al.,
Purkinje cells and the synaptic glomeruli 1998)
with the granule cell layer
Pyramidal cell bodies Protein Postnatal day 5 mouse cerebellum | (Vrhovski et al.,

2003)
Compensatory upregulation in the brain in Protein Mouse brain (Fath et al., 2010)
response to Tpm 3.1/2 knockout

Tpm4.2 Localization to the axonal pole of neurons, mRNA Embryonal day 13 rat hindbrain (Hannan et al.,
entering the proximal region of the axon 1998)
Localization in the neuronal somata and Protein Embryonal day 13 rat midbrain (Hannan et al.,
axons 1998)
Localization to the postsynaptic Protein Mouse primary hippocampal (Guven etal., 2011)
compartment neurons

Protein Rat cerebellar tissue (Had et al., 1994)
Promotes increase in growth cone size Protein B35 rat neuroblastoma cells (Curthoys et al.,
Promotes increase in filopodia formation 2014)

alt should be noted that the antibody (WSa/9d) used in this study may show some cross-reactivity with Tpm3.1/2
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Dysregulation of Tmods and Tpms in the nervous system after injury and in disease

Tmod isoform

Injury / Disease

Reference

Tmod 2 Protein expression reduced in epilepsy (Yang et al., 2006)
mRNA is increased 30% in ischemic stroke (Chen et al., 2007)
Protein expression found increased by 25% after methamphetamine (Iwazaki et al., 2006)
exposure in rats
Protein expression tripled in Down syndrome (Sunetal., 2011)
Tpm isoform Injury / Disease Reference

Tpms [no discrimination
between individual
isoforms]

Abundant in Hirano body inclusions in Alzheimer’s disease

Present in neurofibrillary tangles of Alzheimer’s disease, supranuclear
palsy and Pick’s disease

Found as component of Lewy bodies in diffuse Lewy body disease

(Galloway et al., 1987)

(Galloway et al., 1990; Galloway
and Perry, 1991)

(Galloway and Perry, 1991)

Tpma3 isoforms [no
discrimination between
individual isoforms]

2-fold increase in brains of Alzheimer’s disease cases after pull-down
with Concanavalin A

Downregulation of Tpm3 isoform expression in Schizophrenia

(Owen et al., 2009)

(Martins-de-Souza et al., 2009)

Tpml and Tpm3 isoforms
[no discrimination between

isoforms]

Increased expression in the white matter of brains from Alzheimer’s
disease cases

(Castano et al., 2013)
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