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The makings of the ‘actin code’: regulation of actin’s biological
function at the amino acid and nucleotide level

Pavan Vedula and Anna Kashina*

ABSTRACT

The actin cytoskeleton plays key roles in every eukaryotic cell
and is essential for cell adhesion, migration, mechanosensing, and
contractility in muscle and non-muscle tissues. In higher vertebrates,
from birds through to mammals, actin is represented by a family of six
conserved genes. Although these genes have evolved independently
for more than 100 million years, they encode proteins with >94%
sequence identity, which are differentially expressed in different
tissues, and tightly regulated throughout embryogenesis and
adulthood. It has been previously suggested that the existence of
such similar actin genes is a fail-safe mechanism to preserve the
essential function of actin through redundancy. However, knockout
studies in mice and other organisms demonstrate that the different
actins have distinct biological roles. The mechanisms maintaining this
distinction have been debated in the literature for decades. This
Review summarizes data on the functional regulation of different actin
isoforms, and the mechanisms that lead to their different biological
roles in vivo. We focus here on recent studies demonstrating that at
least some actin functions are regulated beyond the amino acid level
at the level of the actin nucleotide sequence.
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Introduction

Actin is one of the most abundant intracellular proteins that is
present in every eukaryotic cell and plays key roles in many essential
biological processes (Box 1). In vertebrates, the six actin isoforms
(Table 1) are nearly identical in their amino acid sequences, which
are also conserved between species, and yet they are encoded by a
set of different evolutionarily conserved genes (see Ampe and Van
Troys, 2017; Simiczyjew et al., 2017 for reviews). Despite this high
similarity, knockout studies demonstrate that the different actins
have distinct biological roles (Perrin and Ervasti, 2010; Wagner
et al.,, 2002). The mechanisms maintaining this distinction have
been debated in the literature for decades.

This Review summarizes data on the functional regulation of
different actin isoforms and the mechanisms that lead to their
different biological roles in vivo. We place a special focus on - and
y-non-muscle actins, which are the most similar in amino acid
sequence and are both ubiquitously present in all cell types, but play
vastly different biological roles (Ampe and Van Troys, 2017; Perrin
and Ervasti, 2010; Simiczyjew et al., 2017; see also Box 1). We
specifically emphasize recent data highlighting the essential role of
the nucleotide sequence in actin function and introduce a
new concept — the ‘actin code’ — that reflects regulation of the
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essential functions of B- and y-actin at the nucleotide level, a
mechanism that is potentially broadly applicable to other members
of the actin family.

Actin isoforms

Actin isoforms are among the most conserved proteins at the level of
amino acid sequence, not only within the same organism, but also
between vertebrate species from birds to mammals (Erba et al.,
1986). Such high conservation makes it clear that the actin amino
acid sequence can tolerate very little change, in contrast to the
bacterial actin homologs MreB, FtsA and ParM, which are highly
divergent in their amino acid sequence. In line with these
observations is the evolutionary history of actin. It has been
proposed that different degrees of sequence identity within the actin
family are due to different levels of selective pressure imposed
by actin-interacting partners. The bacterial actins have very few
interacting partners, and thus exist under very low selective
pressure. Vertebrate actins interact with over 100 different
proteins through virtually every exposed residue on their surface,
resulting in very high selective pressure for sequence conservation
(Gunning et al., 2015). Another level of evolution in vertebrate
actins arose through proposed gene duplication events prior to avian
evolution. One round of gene duplication is proposed to have given
rise to the highly similar non-muscle B- and y-actin, while two
rounds of gene duplication generated the more divergent set of the
muscle actins (Erba et al., 1988; Erba et al., 1986; Miwa et al.,
1991). Notably, Erba et al. (1986) observed and characterized
the ‘anomalous’ evolution of B- and y-actin genes following their
divergence in birds, with a greater conservation in their nucleotide
sequence than would be predicted based on the evolutionary time —
an indicator of selection pressure above and beyond regular
conservation of the amino acid sequence.

Functionality of amino acid-based differences in actin
isoforms

Structure and biochemical properties

All actin isoforms differ markedly within the three or four residues
at their extreme N-terminus; a region of the actin molecule that is
exposed on the surface of actin monomers and filaments (Fig. 1; see
Ampe and Van Troys, 2017; Simiczyjew et al., 2017 for reviews).
Notably, however, these substitutions are largely conservative, and
result in only a small overall change in the negative charge in this
region. Changes in other residues located in both the buried and
exposed sites of the folded actin molecule are predicted to lead to
subtle structural changes that can potentially affect a number of the
properties and functional interactions of actin (McKane et al., 2006;
Mounier and Sparrow, 1997).

Actin isoforms are reported to exhibit different biophysical and
biochemical properties in vitro (Allen et al., 1996; Gordon et al.,
1977; Just et al., 1994). However, such studies have been limited,
largely because of a shortage of readily available methods to purify
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Box 1. Actin isoforms

Actin was first observed in muscle extracts as a protein that can induce
coagulation of the muscle plasma by W. D. Halliburton in 1887
(Halliburton, 1887). Later, muscle actin was purified by Brun6 Ferenc
Straub in 1942, who named it ‘actin’ because of its ability to activate the
motor protein myosin (Straub, 1942). Along with microtubules and
intermediate filaments, actin is a major component of the cytoskeleton
that defines global and local cellular architecture. Decades of research
on the actin cytoskeleton has revealed a plethora of essential roles of
actin in cell migration, cell adhesion, mitochondrial dynamics, muscle
contraction, protein trafficking, cell division, membrane organization,
mechanotransduction and tension sensing, nuclear matrix association,
chromatin remodeling and regulation of transcription (Ampe and Van
Troys, 2017; Bruser and Bogdan, 2017; Galkin et al., 2012; Lehtimaki
et al., 2017; Luxenburg and Geiger, 2017; Pollard, 2017; Sanger et al.,
2017; Sheterline et al., 1998; Viita and Vartiainen, 2017).

In the late 1970s, mammalian actins were sequenced by amino acid
hydrolysis (Vandekerckhove and Weber, 1978a,b, 1981), revealing that
actin in vivo is represented by multiple isoforms, which are nearly
identical, except for a few amino acid substitutions. These isoforms were
classified as o-, B- and y-actins, based on their isoelectric points, named
in ascending order of their acidity (Vandekerckhove and Weber, 1978a).
A further sub-classification was later made based on their tissue-specific
expression. Six different mammalian actin isoforms are known to date, four
of them predominant in different types of muscle (a-cardiac, o-skeletal,
o-smooth muscle and y-smooth muscle actins), and two majorly non-
muscle isoforms, - and y-actin (Erba et al., 1988; Gunning et al., 1983;
Miwa et al., 1991; Vandekerckhove and Weber, 1978a,b) (Table 1). Each
of these isoforms is encoded by a unique gene (Pollard, 2001), and has a
highly regulated spatial and temporal expression during development and
homeostasis (Andrade, 2015; McHugh et al., 1991; Tondeleir et al., 2009).

specific actin isoforms. Each cell type contains more than one actin
isoform, and these isoforms always co-purify due to their high
similarities in primary amino acid sequences and biochemical
properties. Some of these problems can be alleviated by using the
tissue specificity of actin isoforms. For example, cardiac and
skeletal muscles contain predominantly a-cardiac or o-skeletal
actin, respectively, and thus these two actins have been studied
in vitro more extensively than others. Actin purified from platelets
contains 80-90% B-actin, providing a source for enriched B-actin
preparations. However, no procedure for isolation of the other actin
isoforms is available. An early study reported differential binding of
complexes between non-muscle - and y-actin and profilin to poly-
proline, suggesting a potential method for isolation of these two
actin isoforms from the same cells (Lindberg et al., 1988); but to
date, no consistent biochemical differences between - and y-actin
prepared by this method have been reported.

Since actins require an ensemble of modifying enzymes and
chaperones for proper folding and maturation, their expression in
native form in bacteria has proved difficult. Yeast cells lack
a methyltransferase, required for the essential His73 methylation in

mammalian actin isoforms (Nyman et al., 2002), in addition to
incompletely processing the N-terminus (Cook et al., 1991; Kalhor
et al., 1999). Expression in the baculovirus-Sf9 insect cell system
produces correctly folded and processed actin (Bai et al., 2014);
however, these preparations still contain ~30% endogenous Sf9
actin, which is difficult to detect or quantify as a result of high
similarities in sequence and electrophoretic mobility.

Using baculovirus-expressed B- and y-actin, it was found that
these actin isoforms can form heteropolymers, but exhibit
differences in their polymerization kinetics, Pi release and
treadmilling (faster for B-actin than for y-actin) (Bergeron et al.,
2010). The ability of non-muscle actins to copolymerize was later
verified by Forster resonance energy transfer (FRET; Miiller et al.,
2013). Interestingly, biochemical differences between - and y-actin
were exacerbated when starting with Ca®* actin rather than Mg?" actin
(Bergeron et al., 2010). While Mg?" is the more physiologically
relevant ion, the authors propose that the differences observed with
Ca" ions may reflect local calcium fluxes in vivo, which would allow
the cells to rapidly respond to signals by using a specific actin isoform
(Bergeron et al., 2010). More recently, it was shown that both platelet
actin (85% p-actin and 15% vy-actin) and chicken gizzard actin
(75% y-actin and 25% B-actin), when polymerized in vitro, yield a
mixture of homopolymers of - and y-actin (Chen et al., 2017), rather
than heteropolymers, as revealed by staining the polymerized actin
filaments on a coverslip with antibodies against - and y-actin. This
could be because gizzard y-actin is composed predominantly of
v-smooth muscle rather than the y-cytoplasmic actin isoform, and
thus this result by Chen et al. (2017) is likely consistent with prior
observations that muscle actins are not interchangeable with non-
muscle actins in intracellular structures (Kaech et al., 1997; Mounier
et al.,, 1997). Overall, the question of homo- and heteropolymer
formation by the actin isoforms remains open, since in vitro studies
have not fully recapitulated the mechanism of in vivo polymerization
and in vivo studies have not produced convincing data for isoform
mixing within a single filament.

Binding to actin-associated proteins

Reports in the literature show preferential binding of B-actin to
myosin 2B and tropomyosin (Pathan-Chhatbar et al., 2018), as well
as the existence of the B-actin-specific capping protein betacap73
(Shuster et al., 1996; Welch et al., 2005) and nucleator DIAPH3
(Chen et al., 2017). It has been found that depletion of intracellular
cofilin strongly affects the B-actin filament to monomer ratio, but
has a much weaker effect on y-actin (Kapustina et al., 2016). B-actin
performs better than y-actin in activation of non-muscle myosin
2C1, and worse than y-actin in activation assays with myosin 7a
(Miiller et al., 2013). Finally, a number of studies showed a broader
difference between muscle and non-muscle actins binding to
profilin (Ohshima et al., 1989), thymosin 4 (Weber et al., 1992),
ezrin (Shuster and Herman, 1995; Yao et al., 1995) and plastin

Table 1. Tissue-specific expression patterns of actin isoforms in higher mammals

NCBI accession number,

NCBI accession number,

Name Gene symbol  protein (Mouse) mRNA (Mouse) Expression in adult mouse

B-cytoplasmic actin Actb NP_031419 NM_007393 Ubiquitous

y-cytoplasmic actin Actg1 NP_033739 NM_009609 Ubiquitous

a-smooth muscle actin Acta2 NP_031418 NM_007392 Major component of blood vessels and all smooth
muscle cells

y-enteric smooth muscle actin ~ Actg2 NP_033740 NM_009610 All smooth muscle (except small blood vessels)

a-skeletal actin Actal NP_033736 NM_009606 Striated muscle, tongue, heart

a-cardiac actin Actel NP_033738 NM_009608 Mostly restricted to the heart
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Fig. 1. Structural comparison of mouse actin isoforms. (A) Primary sequence alignment of mouse actins. Internal residue differences are shown in bold; blue
indicates substitutions unique to one isoform, green for those found in two or three isoforms and black for the residues found in the majority of the isoforms.
Differences in N-terminal residues are denoted in red. See Table 1 for the protein names that correspond to the gene symbols listed on the top left. (B) Structural maps
of the actin isoforms. Top and bottom rows show the ‘front’ and ‘back’ views of the same molecule, with the positions containing different residues in different isoforms
denoted in yellow over the maroon color for the residues identical in all the compared isoforms. Nt, N-terminus (shown partially due to the lack of structural data
in this region). Images were prepared using Cn3D macromolecular structure viewer (NIH), based on the structure of cardiac o-actin (PDB identifier 1J62).

(Prassler et al., 1997). It has been assumed that all of these
preferences are mediated directly by the differences in the primary
amino acid sequences between actin isoforms. However, it is also
possible that some of these interactions are mediated through
indirect regulatory mechanisms, for instance, unique post-
translational modifications differentially targeting B- and y-actin.
These mechanisms need to be further explored.

Differential post-translational modifications of actin isoforms
Actin is known to be extensively post-translationally modified (see
Terman and Kashina, 2013). Nearly all of the intracellular actins, both

muscle and non-muscle isoforms, have their N-terminus acetylated in a
multi-step process that is closely coupled to actin synthesis (Martin and
Rubenstein, 1987; Rubenstein and Martin, 1983; Sheff and Rubenstein,
1989; Strauch and Rubenstein, 1984). Physiological actin preparations
have been found to contain nearly every known type of post-
translational modification, including phosphorylation, oxidation,
sumoylation and methylation, affecting every potentially reactive
residue of the actin surface (Terman and Kashina, 2013). Because of
high sequence similarity between actin isoforms, it is still unknown
whether these modifications are specific to certain actin isoforms or
whether they target all actins uniformly. One known exception is
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N-terminal arginylation, a post-translational modification that targets
B-actin and not the highly similar y-actin (Karakozova et al., 2006;
Zhang et al., 2010). This differential arginylation is regulated at the level
of'the actin coding sequence (Zhang et al., 2010). However, very little is
known about the specific role of arginylation, or any other actin
modification, in its biological functions.

Actin isoforms play divergent roles in cells

It was observed relatively early that muscle actin isoforms cannot
replace the cytoplasmic actins in certain cellular structures (Kaech
et al., 1997; Mounier et al., 1997) and conversely, cytoplasmic
actins cannot replace the muscle actins (Antin and Ordahl, 1991,
Fyrberg et al., 1998; von Arx et al., 1995). Immunolocalization
studies indicate a differential enrichment of the muscle and non-
muscle actin isoforms in motile pericytes (DeNofrio et al., 1989).
These results suggest that the functional distinction between muscle
and non-muscle actins is higher than expected based on their
sequence and structural similarity.

For decades, functional similarities between non-muscle - and
v-actin have been extensively debated in the literature. Recurring
studies report prominent differences in intracellular localization of
these two actins (Dugina et al., 2016; Dugina et al., 2009), whereas
others have observed their similar distribution in cells (Bunnell et al.,
2011; Otey et al., 1988; Otey et al., 1986; Vedula et al., 2017). B- and
v-actin are both ubiquitously expressed and coexist at comparable
levels in many cell types, even though their relative abundances tend
to vary (Khaitlina, 2001; Patrinostro et al., 2017; Vedula et al., 2017).

Some of the differences in the localization of B- and y-actin have
been partially explained by the finding that B-actin mRNA is
specifically targeted to the cell periphery through a zipcode-binding
sequence located in its 3" untranslated region (UTR) (Kislauskis
etal., 1993; Kislauskis et al., 1994). A substantial fraction of B-actin
mRNA (an estimated 10%) is localized to the leading edge in motile
cells through this mechanism, and this localization is required for
directional cell motility (Condeelis and Singer, 2005; Katz et al.,
2012; Lawrence and Singer, 1986). y-actin mRNA shows no such
targeting (Hill and Gunning, 1993). Consequently, staining of
motile non-muscle cells with antibodies against B-actin tends to
highlight a prominent zone at the leading edge (Dugina et al., 2009;
Karakozova et al., 2006), regardless of its distribution in the rest of
the cell. Overall, these results are somewhat inconsistent between
different studies, probably as a result of highly dynamic actin
localization in the cells, as well as variables such as different actin
visualization tools, different tissue and cell types, cell migratory
activity and physiological state.

Studies of cultured cells derived from B- and y-actin knockout
mice showed that B-actin, unlike y-actin, is specifically required for
cell migration and proliferation (Bunnell et al., 2011; Tondeleir
etal., 2012). B-actin is more essential than y-actin in cell-matrix and
cell-cell adhesions (Baranwal et al., 2012; Bunnell et al., 2011,
Sheterline et al., 1998), likely as a consequence of its mRNA
targeting to the cell periphery and local translation (Gutierrez et al.,
2014; Katz et al., 2012; Rodriguez et al., 2006). A recent report
demonstrated that B-actin filaments preferentially nucleate at the
cytokinetic ring (Chen et al., 2017). Disruption of the B-actin gene
causes defects in neural crest cell migration, vasculature and
erythropoiesis (Shawlot et al., 1998; Tondeleiretal., 2013, 2014), as
well as impairments in gene expression and cell signaling
(Patrinostro, et al., 2017). B-actin protein and mRNA localize to
highly dynamic structures in neurons, where it is required for growth
cone extension and remodeling of dendritic spines, both in vivo and
in culture (Bassell et al., 1998; Buxbaum et al., 2014; Micheva et al.,

1998; Zhang et al., 1999). Only one study so far, using siRNA-
mediated knockdowns, suggested a potential involvement of
v-actin, rather than B-actin, in cell motility (Dugina et al., 2009) —
a discrepancy that may be due to cell-type-specific effects. It should
also be noted that repression of one of the actin isoforms normally
leads to compensatory upregulation of the other(s), to maintain
constant total actin levels in cells (see Perrin and Ervasti, 2010), and
this potential cross-compensation needs to be considered in the
interpretation of these studies.

In addition to its cytoplasmic localization, actin is also targeted to
the nucleus (Falahzadeh et al., 2015). Most of the studies report
this targeting to be B-actin specific, linked to transcription by RNA
polymerase (Pol) II and III (Hofmann et al., 2004; Hu et al., 2004).
Cells derived from B-actin knockout mice show permanent changes
in gene expression and have defects in transcription and epigenetic
regulation (Almuzzaini et al., 2016; Tondeleir et al., 2012).
However, a recent report described a small amount of y-actin in
the nucleus of melanoma cells, which, although considerably lower
than nuclear B-actin levels, also showed partial co-localization with
RNA Pol II and heterogeneous nuclear ribonucleoprotein (hnRNP)
U (Migocka-Patrzalek et al., 2015). Thus, it is possible that y-actin
also plays a minor nuclear role, at least in some cell types.

Non-redundant roles of actinisoforms at the organismal level
The most decisive demonstration of unique functions for the
different actin isoforms has been provided by using gene knockouts
in mice (see Perrin and Ervasti, 2010) and Drosophila — another
eukaryotic organism with six actin genes that play equivalent roles
in muscle and non-muscle systems (Fyrberg et al., 1998). Below, we
focus on the mammalian actins and the data obtained in mouse
models (see Table 2).

Mice lacking a-cardiac actin show embryonic and/or perinatal
lethality and disorganized myofibril organization in the heart tissue
(Kumar et al., 1997). Interestingly, heart-specific expression of
y-smooth muscle actin in these mice, driven by the heart-specific
o~-myosin heavy chain promoter, rescues the perinatal lethality and
enables these mice to survive to adulthood (Kumar et al., 1997).
However, the hearts in these mice still show hypertrophy and are
enlarged and hypodynamic. These experiments suggest that while
y-smooth muscle actin can compensate for the loss of a-cardiac
actin, the extent of such functional compensation is not complete
(Kumar et al., 1997). In humans, mutations in o~cardiac actin have
been linked to dilated cardiomyopathy (DCM) (Olson et al., 1998)
and hypertrophic cardiomyopathy (HCM) (Arad et al., 2005;
Mogensen et al., 1999, 2004; Olson et al., 2000; Van Driest et al.,
2003). Although an extensive biochemical characterization of these
mutations has not been performed, the two mutations associated with
DCM have been proposed to affect force transmission (Mogensen
et al., 1999), whereas the seven mutations found to be associated
with  HCM are thought to affect sarcomere assembly and
acto-myosin interactions (Mogensen et al., 2004; Olson et al., 2000).

Gene knockout of o-skeletal actin in mice causes muscle
weakness and death within the first nine days of birth (Crawford
et al., 2002). Mice lacking o-skeletal actin have increased levels of
a-smooth and o-cardiac actin expressed in the skeletal muscle;
however, these other actin isoforms do not completely compensate
for the lack of functional o-skeletal actin (Crawford et al., 2002).
Intriguingly, transgenic overexpression of y-cytoplasmic actin in
skeletal muscle results in a corresponding decrease in o-skeletal
actin, without significant changes to muscle morphology or
function (Jaeger et al., 2009). However, this transgenic expression
does not rescue the o-skeletal muscle actin knockout. Thus, while y-
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Table 2. Non-redundant biological roles of mouse actin isoforms

Actin isoforms

Gene upregulated in knockout
Name symbol Mouse knockout phenotype mice Functional rescue Reference
B-cytoplasmic actin ~ Actb Early embryonic lethality Acta2; some Actg1 Human -actin coding Bunnell et al., 2011;
sequence Tondeleir et al., 2012
y-cytoplasmic actin  Actg1 Viable, with growth defects and Acta2, Actb, Actat and NA Belyantseva et al., 2009;
progressive deafness Actc1 Bunnell and Ervasti, 2010
a-smooth muscle Acta2 Viable, with vascular contractility ~ Acta NA Schildmeyer et al., 2000
actin and blood pressure defects
y-enteric smooth Actg2 NA NA NA NA
muscle actin
a-skeletal actin Actat Muscle weakness, postnatal Acta2 and Actc1 y-cytoplasmic actin Crawford et al., 2002
lethality
a-cardiac actin Actc1 Perinatal lethality, myofibril Actat v-enteric smooth muscle Kumar et al., 1997

disorganization

actin, partial rescue

NA, not available.

cytoplasmic actin is able to at least partially replace o-skeletal
muscle actin in sarcomeres, it cannot substitute for all o-actin
functions. Mutations in o-skeletal muscle actin gene have been
linked to three congenital myopathic disorders: congenital fiber type
disproportion (CFTD), Nemaline myopathy (NM) and central core
disease (CCD) (Agrawal et al., 2004; Goebel et al., 2006; Nowak
etal., 2013; Wallefeld et al., 2006). NM is the most well studied, and
is a complex disease with over 200 mutations. Even though only
20% of these are in o-skeletal muscle actin, they account for over
half of the severe NM cases (Nowak et al., 2013; Wallgren-
Pettersson et al., 2011). There is, however, a large gap in our
understanding of the effects of these mutations on the biochemical
properties of actin and the mechanisms of disease progression.

Mice with a knockout of a-smooth muscle actin are viable and
morphologically normal, but show defects in vascular contractility
and blood pressure regulation (Schildmeyer et al., 2000). Mutations
in a-smooth muscle actin have been linked to thoracic aortic
aneurysms and dissections (TAADs) (Guo et al., 2007). Nine
missense mutations have been identified in the o-smooth muscle
actin gene that lead to vascular defects, accompanied by a reduced
fraction of actin filaments and an increase in monomeric actin in
vascular tissues, but the underlying mechanisms are unknown.

Knockout of y-cytoplasmic actin in mice leads to growth defects,
reduced viability and progressive deafness (Belyantseva et al., 2009;
Bunnell and Ervasti, 2010). Conditional y-cytoplasmic actin knockout
in the skeletal muscle results in progressive myopathy (Sonnemann
et al., 2006) and affects muscle relaxation (O’Rourke et al., 2018).
Seven different autosomal dominant missense mutations in the y-actin
gene have been linked to Baraitser-Winter syndrome (Kemerley et al.,
2017) and progressive hearing loss in humans: T2781, T891, K118M,
P264L, P332A, 1122V and V370A (Bryan et al., 2006; Liu et al.,
2008; Rendtorff et al., 2006; van Wijk et al., 2003; Zhu et al., 2003).
Together, these studies indicate an essential role for y-actin in the
maintenance of stereocilia, even though this actin isoform appears to
be largely dispensable for the viability of an organism.

Disruption of the B-actin gene in mice causes by far the most
severe phenotype, leading to early embryonic lethality. This has
been recapitulated by using two different approaches: insertion of
reporter genes (Shawlot et al., 1998; Shmerling et al., 2005;
Strathdee et al., 2008; Tondeleir et al., 2013, 2014) and the targeted
deletion of protein-coding exons by using floxed alleles (Bunnell
etal., 2011). Mice lacking B-actin die in early embryogenesis, prior
to embryonic day 8.5 (E8.5) (Bunnell et al., 2011). Conditional
knockout of B-actin in the skeletal muscle leads to quadriceps
myopathy (Prins et al., 2011) and impairs muscle relaxation

(O’Rourke et al., 2018). Two mutations in the human B-actin gene
have been characterized: E364 K mutation, which has been
correlated to neutrophil dysfunction (Nunoi et al., 1999), and
R183W, linked to developmental malformations, dystonia and
deafness (Procaccio et al., 2006). Human B-actin mutations, along
with those in y-cytoplasmic actin, have been linked to Baraitser-
Winter syndrome (Kemerley et al., 2017). The severity of these
mutations, as well as the lack of any observed homozygous
mutations in the B-actin gene, present additional evidence of its
highly essential biological role.

Notably, the mouse knockout phenotypes discussed above, are
not a result of a reduction in overall actin levels. In all cases,
knockout of a single actin isoforms leads to the upregulation of the
other isoforms to maintain a constant amount of actin protein
(Table 2), suggesting the existence of global ‘dosage-sensing’
mechanisms that ensure the constitutive abundance of the total actin.
This dosage, however, does not result in total functional
compensation in most cases. The most striking example is non-
muscle B- and y-actin, which have dramatically different mouse
knockout phenotypes, despite the fact that these two actin isoforms
always coexist in the same cells and are highly similar in their
biochemical properties. None of the actin isoforms, despite their
upregulation in B-actin knockout mice, can functionally compensate
for its loss. The mechanisms that maintain this functional distinction
between actin isoforms are unknown.

Nucleotide sequence as a determinant of actin function

In all the studies discussed so far, it has been consistently assumed
that the underlying mechanisms conferring different functions to the
actin isoforms arise at the amino acid level (with the exception of 3’
UTR zipcode targeting of B-actin mRNA; Kislauskis et al., 1993).
Researchers have not tended to look beyond these differences, with
the exception of just two studies: one demonstrating a role for intron
III in the y-actin gene in y-actin-dependent effects on myoblast
morphology (Lloyd and Gunning., 1993) and the other showing that
the nucleotide-coding sequence, rather than the amino acid sequence,
can define the differential post-translational arginylation of B- and
v-actin (Zhang et al., 2010). Is it possible that the determinants of
actin isoform function reside at the nucleotide level and have little to
do with their specific amino acid variations?

The nucleotide sequence of -actin, rather than its amino acid
sequence, determines its essential role in vivo

To directly test the contribution of the actin nucleotide sequence to
its function, a recent study (Vedula et al., 2017) utilized CRISPR/
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Cas9 to introduce five point mutations into the mouse B-actin gene
(which is essential for mouse embryogenesis and viability) that
changed four divergent codons in its 5’ end into those that encode
the amino acids specific for y-actin (which is much more
dispensable for mouse survival) (Fig. 2). In the resulting mice,
which express the so-called ‘B-coded y-actin’ (termed Actbc-g based
on the gene nomenclature), no B-actin protein is present, but the
nucleotide sequence of the B-actin gene remains nearly intact, with
only five nucleotide substitutions, and this gene produces functional
y-actin protein. Thus, this mouse model enables a definitive answer
to the question of whether the B-actin-specific amino acid sequence,
or the nucleotide sequence of its gene, is required for its essential
in vivo function.

Remarkably, Actbc-g mice have no defects in viability, survival,
fertility or cell migration, and no detectable phenotype (Vedula etal.,
2017) — in contrast to the embryonic lethality seen in B-actin
knockout mice (Bunnell et al., 2011). Therefore, it is the intact actin
gene, not the protein, that determines essential functions of B-actin in
the survival of an organism, while the differences in the amino acid
sequences between B- and y-actin are functionally dispensable for
animal survival and cell migration. An equivalent experiment was
also performed for y-actin, with a similar result (Vedula etal., 2017).
Thus, nucleotide sequence, rather than the amino acid sequence,
determines the in vivo function of non-muscle actin isoforms.

Taken together, this work significantly shifts our understanding
of the essential determinants that govern the functions of actin
isoforms, and shows that some of their key functional determinants,
if not all, reside at the nucleotide level. Below, we discuss the
potential contribution of each of the nucleotide-based gene elements
to the essential function of B-actin.

Promoter and gene expression regulation

Gene promoters interact with regulatory elements to control the
tissue specificity and relative abundance of mRNA for each encoded
protein in a cell. This is reflected very well for the muscle actins,
which are dominantly expressed only in specific muscle tissues.
However, B- and y-actin promoters are ubiquitously active and
remarkably conserved, consistent with their likely origin from a
gene duplication event (Erba et al., 1988, 1986). At the same time,
the levels of B- and y-actin and their ratios in different tissues are
differentially regulated during development and adulthood
(Andrade, 2015; McHugh et al., 1991). In most cell types, the
relative amounts of B-actin and y-actin are within a twofold level of
variation, with the exception of the stereocilia in inner hair cells and
microvilli in intestinal epithelial cells, which are prevalent in y-actin

M D D D I A A L \' v D N

B-actin (Atcb)
—ATG GAT GAC GAT ATC GCT GCG CTG GTC GTC GAC AAC

v 5 v v ¥
ATG GAA GAE GAA ATC GCT GCG CTG GTC ATT GAC AAC

p-coded-yactin -y g g E I A A L V I D N
(Actbc-g)

y-actin (Actg) M E E E I A A L V I D N
—————ATG GAA GAA GAA ATC GCC GCA CTC GTC ATT GAC AAC

v v - v E
ATG GAT GAT GAT ATC GCC GCA CTC GTC GTC GAC AAC

y-coded-f-actn  y 5 p p 1 A A L VvV V D N
(Actgc-b)

Fig. 2. Gene editing strategy for generation of Actbc-g and Actgc-b mice,
producing B-coded y-actin and y-coded B-actin, respectively. Sequence
alignment of the 5’ regions of - and y-actin coding sequences, starting with the
first ATG. The nucleotides, replaced during the editing to generate the amino
acid sequence of the other actin isoform, are indicated in red. Dotted arrows
show the direction of the replacement in each experiment.

(Andrade, 2015; Khaitlina, 2001; Vandekerckhove and Weber,
1981), as well as platelets, which contain predominantly B-actin
(Chen et al., 2017). The ratios of the mRNAs for the two actin
isoforms are different, often much higher than that of the proteins,
indicating that the relative protein abundance between these two
actins is regulated at the post-transcriptional level, probably to a
greater extent than by their promoters (Erba et al., 1988; Patrinostro
et al., 2017). Thus, promoter-level regulation is unlikely to
substantially contribute to the functional differences between -
and y-actin in organismal survival.

Introns

The y-actin gene contains a unique and highly conserved intron III
(Lloyd and Gunning, 1993) and an alternatively spliced exon 3a
(Drummond and Friderici, 2013). While the intron III of the y-actin
gene has been shown to play a role in regulating actin structures in
cells, the alternatively spliced exon 3a, when included, introduces a
premature stop codon, resulting in nonsense-mediated decay of y-
actin transcript. These data suggest that intron regions are likely to
be important for the functionality of the actin genes, even though
their role is virtually unexplored.

It is worth noting, however, that in most of the studies on B-actin
disruption, the intron sequences were intact, with the exception of
the work by Bunnell et al. (2011), where one intron of the B-actin
gene, between exons 2 and 3, was deleted. All these strategies led to
a largely similar phenotype (Shawlot et al., 1998; Shmerling et al.,
2005; Strathdee et al., 2008; Tondeleir et al., 2013, 2014),
suggesting that the introns are unlikely to play a specific role in
the essential function of B-actin. Further experiments are needed to
fully test the role of introns in actin function.

Untranslated regions of mRNA

Given the fact that the relative abundance of intracellular - and y-
actin mRNA 1is not directly reflective of the ratios of their protein
levels, it seems likely that some post-transcriptional control is
employed to modulate the translation and accumulation of these
actins in the cell (for a comprehensive review, see Simiczyjew et al.,
2017). For instance, it has been shown that an alternative polyA site in
B-actin mRNA increases its translation (Ghosh et al., 2008). B-actin
also exhibits both 3"'UTR-dependent (Ghosh et al., 2008; Lyubimova
et al., 1999) and 3'UTR-independent (Lloyd et al., 1992; Schevzov
et al, 1992) feedback regulation of its own expression. The
exogenous expression of different actin isoforms in cells causes a
differential feedback regulation that has been attributed to the 3'UTR,
promoter and the protein itself (Ballestrem et al., 1998; Lloyd et al.,
1992; Lyubimova et al., 1999; Schevzov et al., 1992).

The unique 3'UTR of B-actin contains the mRNA localization
signal that targets it to the cell periphery (Condeelis and Singer,
2005; Kislauskis et al., 1993, 1994). This region has also been
shown to mediate the epigenetic regulation of the promoter and gene
expression (Strathdee et al., 2008). Indeed, transgenic insertion of
the lacZ reporter into the B-actin 3"UTR downstream of the mRNA
localization sequence resulted in pre-implantation lethality in mice
as a result of epigenetic silencing of the modified alleles (Strathdee
et al., 2008). However, the molecular mechanism for how this distal
3'UTR regulates gene expression through epigenetic silencing
remains to be understood.

Coding sequence

A previous study, focused on characterizing migration defects in cells
derived from B-actin knockout mice, describes a rescue experiment,
where insertion of the coding sequence of human B-actin into the
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deletion site (between exons 2 and 3) of these mice rescues
embryonic lethality (Tondeleir et al., 2012). Although the data for the
detailed characterization of this rescue experiment were not presented
in the manuscript, this result nevertheless suggests that the coding
sequence of actin is sufficient to rescue its essential function, even if
this coding sequence comes from another vertebrate species.
Comparison of the B- and y-actin coding sequences reveals a 13%
difference in their mRNAs — a much higher divergence compared with
their near identity at the amino acid level (Zhang et al., 2010). These
synonymous substitutions are only 40% randomized (Erba et al.,
1986). Typically, genes that have diverged for more than 100 million
years acquire sufficient mutations for the synonymous substitutions to
be completely randomized, thus allowing them to serve as an
evolutionary clock (Perler et al., 1980). The anomalously high
conservation of the substitutions in the - and y-actin codons suggests
that this conservation has an independent functional significance.

The actin code: silent substitutions in the coding sequence
define actin isoform function by regulating their translation
dynamics

So, how can differences in the nucleotide coding sequences through
synonymous substitutions account for the divergence of actin
functions? One of the major known effects of the coding sequence
relates to the potential differences in codon usage and secondary
structure of mRNA, which can lead to different ribosome
translocation dynamics, and thus to different rates of translation.
In the case of B- and y-actin, coding sequence differences give rise to
a different secondary structure. A stable loop is present in the 5’
coding region of y-actin, but is not prominent in the corresponding
region of B-actin, leading to slower ribosome translocation over
v-actin mRNA in this region (Zhang et al., 2010).

Translation dynamics for any given mRNA can be estimated from
global ribosome profiling data that are publicly available, such as
via the GWIPS-viz genome browser (http:/gwips.ucc.ie) (Michel
et al., 2014), which aggregates the results of multiple ribosome
profiling studies across genomes. Our search of these databases for
mouse actin isoforms revealed that the composite ribosome density
(averaged from 26 independent studies) over the first 150 codons of
B-actin mRNA (1351) is over a thousand times higher than that of
v-actin (~1.3) (Vedula et al., 2017) (Fig. 3). This suggests that,
in vivo, the translation dynamics of B-actin is dramatically different
from that of y-actin.

Composite
ribosome
density

1351.607
53.781
10.267  a-skeletal actin

3.872  a-cardiac actin

1.289  y-cytoplasmic actin

0.377  y-smooth muscle actin

e - SSSEBBSSSI- 4
a-smooth muscle actin  SE—E S )

/M——z)

-—a—-

A high ribosome occupancy is normally interpreted as an
indicator of a high translation rate. However, this appears unlikely to
be the case for B-actin. According to a recent study that looked at
translation rates of nascent chains, f-actin can be translated at a rate
of three actin molecules per minute (Morisaki et al., 2016).
However, B-actin mRNA is highly abundant, with some studies
reporting estimates of 2500 B-actin mRNAs per cell (Condeelis and
Singer, 2005; Kislauskis et al., 1997), while others find this number
to be variable (Islam et al., 2011). Therefore, assuming 2500
molecules per cell, the constitutive translation of all B-actin mRNA
would result in the production of 7500 actin molecules per minute, a
rate that could quickly overpower the cell with an extreme
abundance of actin. As B-actin is normally maintained at a high
but constant intracellular level (~1% of total protein), it is clear that
some mechanisms must exist that prevent its continuous translation.

An alternative possibility, which is also consistent with higher
ribosome occupancy, is that B-actin mRNA is maintained in a state that
is constantly translationally repressed, but is nevertheless primed and
translation ready, so that as soon as this repression is released, B-actin
can accumulate by a localized ‘burst’ of de novo produced actin
monomer (Strohl et al., 2017). Both active protein synthesis and
B-actin mRNA localization to the cell leading edge, have been
previously shown to be required for directional cell migration,
indirectly suggesting that cell migration needs localized actin
translation (Buxbaum et al., 2014; Katz et al., 2012). Bursts of
de novo synthesized actin in localized spots at the cell leading edge
have also been previously proposed based on live-imaging studies, in
which ‘hot spots’ of actin were seen appearing at the cell leading edge,
too fast to be explained by diffusion (Zicha et al., 2003). Furthermore,
bursts of actin translation have also been directly observed in neurons
by using fast-folding and fast-bleaching fluorescent tags or photo-
convertible tags as translation reporters (Buxbaum et al., 2014; Strohl
et al., 2017). Based on the length of the actin coding region (1125
nucleotides) and the estimated ribosome footprint (28 nucleotides),
bursting translation from each pB-actin mRNA, at a theoretical
maximum, can produce a localized pool of ~40 actin subunits. If
multiple mRNA molecules are translated in the same place (e.g. ~250
estimated to be present at the cell leading edge), this would result in a
localized production of 10,000 actin subunits per burst, capable of
forming >10 pm of actin filaments. This number is likely to be
higher than the actual actin production rate, but anything in this
ballpark could, in principle, induce a substantial change in the

Functional
compensation

Fig. 3. Composite ribosome density correlates with actin isoform function. Schematic representation of ribosome density on the translating mRNA for the 6
mouse actin isoforms, derived from the composite ribosome density calculated from the datasets deposited to the GWIPS-viz genome browser (listed on the left
for the corresponding mouse mRNAs). The direction of arrows on the right indicates the functional compensation of the target actin isoform (at the end of the

arrow) by the donor one (at the beginning of the arrow). Black arrows indicate full or near-full functional compensation. Gray arrow indicates major upregulation
without apparent functional compensation. Generally, only the actins with a ribosome density closely resembling the ones they are replacing appear to be effective
in compensating for those that exhibit a lower ribosome density. B-actin appears to be the most effective in compensating for multiple other actin isoforms, but
cannot be compensated for, even by an upregulation of the isoforms with closest ribosome densities.
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dynamics at the leading edge of the cell. Elucidating the
mechanisms underlying these bursts of actin translation and
the contribution of the actin-coding sequence to its regulation
constitutes an exciting direction of further studies.

A similar translation-dependent regulation by coding sequences
is probably also applicable to other members of the actin gene
family. Indeed, the ribosome profiling data reveal a correlation
between ribosome densities on different actin isoform mRNAs and
their abilities to functionally compensate for each other in mouse
knockout models (Vedula et al., 2017). The actin isoforms that tend
to become upregulated in the different knockout models are
typically those with the ribosome density that most closely
resembles that of the isoform knocked out (the nearest neighbors
in ribosome density, as shown in Fig. 3), suggesting that only
isoforms with similar ribosome density can directly compensate for
each other’s function. For instance, o-skeletal actin is upregulated in
the mouse knockout model of o-smooth muscle actin and vice
versa, and the ribosome density of these isoforms are also the
second and third highest, after that of B-actin. Moreover, o-cardiac
actin is able to completely rescue the knockout of o-skeletal
actin (Nowak et al., 2009), which has the closest ribosome density.
In contrast, loss of a-cardiac actin cannot be substituted for by
v-enteric smooth muscle actin (Kumar et al., 1997), which has a
~10-times lower ribosome density. Finally, none of the other actin
isoforms can compensate for the loss of B-actin, which has orders
of magnitude higher ribosome density. We propose that changes
in ribosome density that arise from silent substitutions in the
nucleotide sequence affect the translation dynamics of actin and its
protein accumulation rates, which, in turn, serve as key determinants
in the functional diversity of actins.

Interestingly, dramatic differences in ribosome density between
actin isoforms can also be seen in other vertebrate and non-
vertebrate genomes, including human, zebrafish, Drosophila
melanogaster and Caenorhabditis elegans (Vedula et al., 2017).
These differences suggest that ribosome density differences may
indeed reflect at least one of the mechanisms regulating differences
in the function of the actin isoforms.

Conclusions

Despite decades of studies, the major determinants driving the
functional diversity of actin isoforms remains elusive. At the same
time, it is now clear that this regulation is achieved at multiple levels
that go beyond the amino acid sequence, previously believed to
constitute the sole determinant of actin function. The discovery of the
‘actin code’ that drives actin isoform diversity through silent changes
at the gene and mRNA level significantly expands our understanding
of the functionality of actin across genomes, and may in principle
enable new fundamental levels of functional modulation of actin in
normal physiology and disease. It is exciting to think that this silent
regulation may also be applicable to other proteins in eukaryotic
genomes. Elucidation of the underlying mechanisms and the
universality of the nucleotide-based actin code will constitute an
exciting direction for further studies.
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