1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Semin Cell Dev Biol. Author manuscript; available in PMC 2021 June 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Cell Dev Biol. 2020 June ; 102: 113-121. doi:10.1016/j.semcdb.2019.12.003.

Regulation of actin isoforms in cellular and developmental
processes

Anna S Kashina
University of Pennsylvania, Philadelphia, PA 19104

Abstract

Actin is one of the most abundant and essential intracellular proteins that mediates nearly every
form of cellular movement and underlies such key processes as embryogenesis, tissue integrity,
cell division and contractility of all types of muscle and non-muscle cells. In mammals, actin is
represented by six isoforms, which are encoded by different genes but produce proteins that are
95-99% identical to each other. The six actin genes have vastly different functions in vivo, and the
small amino acid differences between the proteins they encode are rigorously maintained through
evolution, but the underlying differences behind this distinction, as well as the importance of
specific amino acid sequences for each actin isoform, are not well understood. This review
summarizes different levels of actin isoform-specific regulation in cellular and developmental
processes, starting with the nuclear actin’s role in transcription, and covering the gene-level,
mRNA-level, and protein-level regulation, with a special focus on mammalian actins in non-
muscle cells.

Introduction

Actin is one of the most abundant and essential intracellular proteins, highly conserved
throughout the kingdoms of life. In mammals, actin is represented by six nearly identical
isoforms that are encoded by different genes and are differentially expressed in tissues and
organs throughout the body (Vandekerckhove and Weber, 1978). Globally, these six actins
mediate nearly every form of cellular movement and underlie such key processes as
embryogenesis, tissue integrity, cell division and contractility of all types of muscle and non-
muscle cells.

Most of actin’s intracellular functions are tightly linked to its ability to self-associate into
dynamic polymers, actin filaments, that form the structural basis of myofibrils in the muscle
and the cytoskeleton in non-muscle cells. Through polymerization/depolymerization cycles,
actin exists in a constant balance between monomeric (G-actin) and polymeric (F-actin)
pool, tightly regulated by a variety of mechanisms to achieve different actin distribution and
highly diverse functioning throughout the body (see, e.g., (Dominguez and Holmes, 2011,
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Pollard, 2016) for recent reviews). In addition to its function in the cytoplasm, actin is also
found in the nucleus, where it can also undergo polymerization and depolymerization
(recently reviewed in (Plessner and Grosse, 2019)) and has been shown to directly regulate
transcription and participate in chromosome positioning, DNA rearrangements, and DNA
repair (Kristo et al., 2016; Virtanen and Vartiainen, 2017).

One of the biggest mysteries around actin relates to the ways this highly conserved protein
can incorporate into a variety of intracellular networks and simultaneously carry out a vast
multitude of different functions. Some of this diversity relies on the tissue specificity of the
actin genes (e.g., muscle versus non-muscle), however it is unclear how the highly similar
proteins encoded by the actin genes (95-99% identical at the amino acid level), often present
in comparable quantities in the same cell types, can preferentially incorporate into different
actin structures (e.g., myofibrils versus cortical network) and mediate different cellular
functions. Even more strikingly, a single actin isoform within the same cell type is believed
to be able to simultaneously incorporate into different structures and networks and show
distinct structural and functional segregation in response to different physiological stimuli.
This differential regulation and the mechanisms behind actins isoform-specific functions
have constituted an emerging area of interest in the past few years.

Many actin functions are believed to be mediated almost entirely by regulated interaction
with hundreds of intracellular binding partners (Lee and Dominguez, 2010), often
compounded by direct regulation of the properties of the actin monomer by a variety of
posttranslational modifications (Terman and Kashina, 2013). It is assumed that these binding
partners and modifying enzymes must be strictly compartmentalized within the cell to
ensure precise coordination of the entire actin network, but this segregation itself is only
partially characterized. Some key aspects of actin regulation arise at the mRNA, rather than
the protein, level and are encoded by the nucleotide, rather than the amino acid sequence
(Vedula et al., 2017; Zhang et al., 2010). This nucleotide-dependent regulation potentially
extends into both coding and noncoding regions of the actin gene.

This review summarizes different levels of actin isoform regulation in cellular and
developmental processes, with a special focus on mammalian actins in non-muscle cells.

Transcription regulation of cytoskeleton by the nuclear actin

For a very long time since its original discovery, actin has been considered a purely
cytoplasmic protein, functionally restricted to the different cytoskeletal structures throughout
cells and tissues. While a nuclear pool of actin has been initially observed over five decades
ago (Ohnishi et al., 1963), this finding has been a highly debated topic for many years
(reviewed in (Kelpsch and Tootle, 2018)). Subsequent studies found that actin is actively
imported into the nucleus, and that its nuclear import/export can play dramatic roles in
regulation of multiple cellular responses to global changes in the environment and cell’s
physiological state (Dopie et al., 2012; Skarp et al., 2013; Skarp and Vartiainen, 2013; Viita
and Vartiainen, 2017). Even more recently, it has been found that nuclear actin, similarly to
the cytoplasmic actin, can form filaments, and changes in their assembly and disassembly
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have been proposed to underlie some of the actin’s nuclear roles (reviewed in (Plessner and
Grosse, 2019)).

Nuclear actin’s regulatory roles in response to stimuli are tightly linked to its regulated
nuclear import and export, which occurs with actin monomers and requires their
sequestering by cofilin (for nuclear import) and profilin (for nuclear export). Cofilin
provides a bipartite nuclear localization sequence (NLS), which is not present in actin itself,
and the actin-cofilin complex interacts with importin 9 for nuclear entry (Viita and
Vartiainen, 2017). This influx of actin monomers into the nucleus is counterbalanced by
nuclear export via exportin 6 (Bohnsack et al., 2006; Dopie et al., 2012; Stuven et al., 2003),
which is believed to involve the nuclear export sequences present in the actin itself (Wada et
al., 1998), but also requires the presence of actin monomer binding to profilin. Thus, nuclear
actin undergoes constant regulated exchange with the cytoplasmic actin pool ((Gieni and
Hendzel, 2009; Skarp and Vartiainen, 2013)) that involves the activity of the monomer
sequestering proteins (reviewed in (Hurst et al., 2019; Kelpsch and Tootle, 2018; Miyamoto
and Gurdon, 2013)).

Inside the nucleus, actin is believed to play important roles in chromatin organization, DNA
repair, RNA processing and export, chromatin remodeling and architecture, nuclear envelope
assembly, and regulation of transcription. All of these functions are tightly linked to the
balance between nuclear actin monomers and polymers in the nucleus (G- and F-actin,
respectively), as well as — indirectly — to actin polymerization/depolymerization in the
cytoplasm, which affect nuclear import/export. Thus, nuclear actin functions as an intricate
part of the overall actin’s cellular homeostasis (reviewed in (Artman et al., 2014; Castano et
al., 2010; Falahzadeh et al., 2015; Miyamoto and Gurdon, 2013; Percipalle, 2013;
Wesolowska and Lenart, 2015)).

One of the best known examples of actin-dependent transcription regulation is its
involvement in serum response, which directly links an increase in actin polymerization (and
the resulting decrease in G-to-F actin ratio) to an increase in serum response factor (SRF)-
mediated transcription. In this pathway, actin-dependent nuclear targeting of SRF1
coactivator, Myocardin-Related Transcription Factor A (MRTF-A) drives the expression of
many cytoskeletal genes to facilitate the large-scale cytoskeletal rearrangements in response
to changes in extracellular serum (Baarlink et al., 2013; Esnault et al., 2014; Olson and
Nordheim, 2010; Vartiainen et al., 2007)). MRTF-A is actively transported into the nucleus
when actin is highly polymerized, and can be prevented from nuclear import by binding to
the cytosolic G-actin at an increase in actin disassembly, thus inhibiting serum response. On
the nuclear side, this pathway is counteracted by mDia-dependent polymerization of nuclear
actin, which can inhibit G-actin dependent MRTF-A nuclear export. Thus, actin in both
nuclear and cytosolic compartments regulates transcriptional activation during serum
response in a manner directly linked to its polymerization state (reviewed in (Virtanen and
Vartiainen, 2017)).

Nuclear G-actin also regulates p53 and Hippo pathways by binding to JIMY (reviewed in
(Rajakyla and Vartiainen, 2014; Wesolowska and Lenart, 2015)), and nuclear F-actin, in
addition to its role in balancing the G-actin concentration, can directly bind transcription
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regulatory complexes in response to retinoic acid (Ferrai et al., 2009). Intracellular levels of
monomeric B-actin have been shown to regulate its own transcription (Lyubimova et al.,
1997) through a signal located in the 3° UTR of - actin mRNA (Lyubimova et al., 1999).
The specific pathway for this direct autoregulation, proposed to be involved in the
intracellular maintenance of actin levels, has not been definitively characterized. Thus,
nuclear actin can exert direct effects on its own expression (Salvany et al., 2014), as well as
on the expression of many related cytoskeletal genes, and these effects are directly linked to
its abundance and polymerized state in the cytosol.

Notably, most of the studies of nuclear actin suggests that this actin pool is predominantly or
exclusively restricted to only one isoform, -actin (Falahzadeh et al., 2015; Hofmann et al.,
2004; Hu et al., 2004). A recent study reported that some amount of y-cytoplasmic actin is
also present in the nucleus (Migocka-Patrzalek et al., 2015), but likely in lower quantities.
This nuclear actin isoform specificity is not well characterized, and it is unclear what
specific determinant(s) are responsible for this apparent isoform specificity, and whether this
prevalence of only one isoform in the nucleus is cell type-dependent. These questions
require further investigation and will likely shed light on functional distinctions of actin
isoforms in vivo.

Gene-level regulation of actin isoform tissue specificity.

The six mammalian actin isoforms, while encoding nearly identical proteins, are highly
different from each other at the gene level (Ampe and Van Troys, 2017; Erba et al., 1986;
Perrin and Ervasti, 2010). Originally these isoforms were differentiated by their prevalence
in different tissues (e.g., cardiac, skeletal, or smooth muscle, as well as non-muscle cells)
(Perrin and Ervasti, 2010; Simiczyjew et al., 2017; Tondeleir et al., 2009) — e.g., skeletal,
cardiac, and smooth muscle tissues are dominated by a— and y—-smooth muscle actin,
respectively, while the non-muscle cells are prevalent in — and -y—-non-muscle actin.
However, subsequent studies found that this isoform specificity is far more complex. Most
cells and tissues contain a combination of actin isoforms, expressed at specific ratios in
every cell type (see, e.g., (Bachvarova et al., 1989; Barja et al., 1986; Buckingham, 1985;
Gunning et al., 1997; Lloyd et al., 2004; Patrinostro et al., 2017), reviewed in (Simiczyjew et
al., 2017)).

Recent explosion of high throughput data enabled a more detailed look at actin isoforms’
tissue specificity and revealed some unexpected trends in actin isoforms’ tissue expression.
It has been assumed that differential abundance of actins in different tissues arises
exclusively from tissue-specific changes in gene expression, predicted to result in the
presence or absence of specific isoforms’ transcripts, or changes in their overall and relative
levels. However, data available in the public depositories suggests that transcripts for all
actin isoforms are prominently present in nearly every major tissue (Fig. 1). While some
differences between the levels of these transcripts are seen, some actin isoforms’ mRNA are
present at high levels even in tissues where they are believed to be a minority at the protein
level —e.g., B- and -y-non-muscle actins in the skeletal muscle, which is heavily dominated
by a-skeletal actin isoform. These data strongly suggest that, in addition to the promoter-
level regulation, key determinants of actin isoform tissue specificity resides at post-
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transcriptional level through mechanisms that do not affect the abundance of their mRNA,
likely via translation regulation.

Gene knockout studies demonstrate dramatic differences between actin isoforms” organismal
functions (reviewed in (Perrin and Ervasti, 2010; Vedula and Kashina, 2018)). In mice,
genetic ablation of one actin isoform tends to be accompanied by up-regulation of others, to
compensate for the overall actin protein levels. This effect is believed to underlie the fact
that most of these gene knockouts in mice lead to relatively mild phenotypes that affect
specific organs and systems but do not perturb embryogenesis and generally lead to the birth
of viable pups. The only exception is the non-muscle p-actin, the only single actin isoform
absolutely essential for viability, which, if deleted, leads to early embryonic lethality
(Bunnell et al., 2011; Perrin et al., 2010). This fact is especially striking, given that every
cell expressing p-actin also contains comparable levels of y—non-muscle actin, which differs
from B—actin by only 4 N-terminal residues, and which is usually up-regulated to
compensate for the loss of B—actin in mouse knockout models (Bunnell et al., 2011; Perrin et
al., 2010).

Recent studies using CRISPR/Cas9 gene editing have definitively proven that this unique
role of B-actin in organism’s survival is independent of its amino acid sequence: editing four
N-terminal codons in the p-actin gene to produce y— actin protein, without altering any other
gene-level elements, does not affect mouse viability, despite complete absence of p-actin
protein in these mice (Patrinostro et al., 2018; Vedula et al., 2017). Thus, it is the intact gene,
not the protein, that defines p— actin’s essential role in organism’s survival and cell
migration. While these studies have not further narrowed down which gene element(s) are
critically involved in this effect, based on a number of considerations it has been proposed
that mMRNA coding sequence plays a primary role, by defining the rate of actin translation
(Vedula et al., 2017). This hypothesis, however, still needs to be tested experimentally.
Whether or not it proves to be correct, it appears likely that additional nucleotide elements
also contribute to actin isoforms’ function. For example, it has been shown that intron Il in
the y— actin gene can regulate cell morphology (Lloyd and Gunning, 1993). Both f—and y—
actin genes can generate alternatively spliced transcripts that exhibit distinct tissue
specificity (in the case of p— actin, (Ghosh et al., 2008)) and are proposed to regulate actin’s
abundance through mRNA decay (Drummond and Friderici, 2013). Other, as yet
unidentified, gene elements may also contribute to the diverse organismal functions of actin
isoforms. All these elements likely act in concert to achieve the complexity of actin-
dependent processes in vivo.

Nucleotide-based regulation of actin translation.

In addition to high throughput data on actin isoforms” mRNA abundance in different tissues
(Fig. 1) recent proteomics studies have generated extensive data on the overall abundance of
the corresponding proteins (Fig. 2). Comparison of these two data sets reveals another
interesting trend. While the mRNA for all actin isoforms is generally present in all tissues,
actin proteins exhibit marked tissue specificity, which generally agrees with the early studies
on actin isoforms’ tissue assignments (Fig. 2). This observation strongly suggests that the
determinants regulating actin’s presence at high levels in some tissues and near-absence in
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others (e.g., muscle versus non-muscle actins in the spleen, which contains comparable
levels of all actin isoforms” mRNA but only non-muscle actins at the protein level) is
regulated independently of gene expression and mRNA abundance. This level of regulation,
by default, excludes many of the known regulatory mechanisms that would ultimately affect
the expression and decay of MRNA, leaving only two: mRNA translation activity and
protein stability. Moreover, since actins are highly metabolically stable (Mayer et al., 1989;
Rubinstein et al., 1976), the only likely mechanism that emerges as a major determinant
regulating actin abundance and tissue specificity in vivo is differential translation. In
support, ribosome profiling studies show that actin isoforms vastly differ from each other in
ribosome density, suggesting vast differences in translation dynamics (Vedula and Kashina,
2018; Vedula et al., 2017).

A particularly striking example of this regulation is the differentiation of p— and y— non-
muscle actins. These two actins coexist in every cell type at comparable abundance (Fig. 1,
2), even though their ratios in different cells have been reported to vary 2-3 fold (Erba et al.,
1988; Otey et al., 1987; Patrinostro et al., 2017; Skalli et al., 1987). Regardless of these cell
and tissue-specific differences in relative protein levels, B— actin mRNA is nearly always far
more abundant than that of y— actin (reported to be 6-10 fold, in different studies focused on
these specific isoforms). In addition, according to the ribosome profiling studies, ribosome
densities on f— and y— actin mRNA (often believed to directly reflect translation activity)
can vary even more dramatically — in some cases, ribosome density on p— versus y— actin
differs by 100 fold or more, even when accounting for their different mMRNA abundance
(Vedula et al., 2017). Thus, the more abundant p— actin mRNA, which is also much more
densely covered by the ribosomes, does not actually produce a lot more protein than the less
abundant, less ribosome-covered y— actin mRNA. This phenomenon suggests that p— actin
mRNA spends most of the time in a translationally repressed state without undergoing active
translation, and that its occasional translational de-repression is employed to precisely
coordinate B— actin protein’s level in cells. In support, both predictions and experiments
suggest that p— actin is capable of faster translation (Zhang et al., 2010), and has been
proposed to undergo translational bursting (Strohl et al., 2017) however the mechanisms of
its translational repression/derepression, as well as the upstream regulatory events, require
further investigation.

Another interesting property of actin mRNA relates to its differential spatial distribution in
cells (Hill and Gunning, 1993; Sundell and Singer, 1990). p—actin’s mRNA can be targeted
to the cell leading edge via zipcode, present in the 3’UTR of - actin, unlike any other actin
isoform (Condeelis and Singer, 2005; Kislauskis et al., 1997; Oleynikov and Singer, 2003;
Ross et al., 1997; Shestakova et al., 2001). This zipcode sequence mediates actin mMRNA
binding to the RNA-localizing zipcode-binding protein (ZPB1). ZBP1-mediated mMRNA
transport is estimated to localize approximately 10% of p-actin mRNA to the cell periphery,
in complex with a number of other MRNAs (see (Rodriguez and Kashina, 2018) for a recent
review).

Zipcode-mediated targeting of p— actin is essential for directional cell migration in non-
muscle cells (Bassell et al., 1998; Kislauskis et al., 1997; Shestakova et al., 2001; Zhang et
al., 1999), however the reasons for this requirement are unknown. It has been proposed that

Semin Cell Dev Biol. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kashina

Page 7

zipcode binding is at least one of the mechanisms that may cause p— actin’s translational
repression, and that unpacking of B— actin mRNA at the cell leading edge mediates its
translation on site to facilitate its rapid incorporation into the leading edge network through
regulated translational bursts (Strohl et al., 2017). Curiously, the existence of these actin
busts during cell migration, has been observed earlier on, in a study that proposed an
existence of an active transport mechanism that can deliver localized bursts of actin
monomers to the cell periphery (Zicha et al., 2003), even though this previous study did not
propose this mechanism to involve translation on site. Overall, much debate exists about
why this mechanism in case of actin makes a difference for directional migration, given the
presence of highly abundant actin monomer pool in the cytosol and at the cell leading edge
(Cramer et al., 2002; Kapustina et al., 2016; Koestler et al., 2009; Pollard et al., 2000, 2001,
Raz-Ben Aroush et al., 2017). It is also unclear why only - actin, and no other actin
isoform, undergoes this targeting. Since f— actin is the most essential of all the six actin
isoforms (Perrin and Ervasti, 2010), its ability for translational bursting, closely related to
unique properties of its MRNA, may well prove to be the defining factor in B— actin’s
function (Rodriguez and Kashina, 2018). However, the exact underlying mechanisms of this
regulation remain to be determined.

Amino acid-based regulation of actin isoforms.

The six mammalian actins are very similar to each other in their amino acid sequences, but
they are not identical (Fig. 3). It has been generally assumed in many prior studies that these
amino acid differences constitute a key determinant of their in vivo function, even though
the recent emergence of nucleotide-based actin regulation, summarized above, strongly
argues that the nucleotide sequences of actin are at least equally important. Still, it is clear
that amino acid differences in the actin isoforms play a substantial role in their functional
distinctions in vivo. Indeed, vertebrate actin isoforms are 100% conserved in their amino
acid sequence, which suggests a strong evolutionary pressure for specific amino acid
residues in specific positions throughout the protein (Vedula and Kashina, 2018). This fact
suggests that the six actin isoforms are uniquely adapted at the amino acid level to perform
their diverse functions.

Biochemical studies of actin isoform-specific properties are in their infancy, due to the fact
that the methods of obtaining pure and homogenous preparations of actin isoforms are still
under development (reviewed in (Medula and Kashina, 2018)). Physiologically active actin
isoforms have been previously expressed in Dictyostelium discoideum (Noguchi et al.,
2007), in Sf9 cells using baculovirus expression system (Anthony Akkari et al., 2003; Yates
et al., 2007) and, more recently, in the yeast Pichia pastoris (Hatano et al., 2018), however
technical issues related, e.g., to the potential contaminants of native actins from these
expression systems, as well as to the potentially abnormal posttranslational processing, still
pose challenge in these studies.

Muscle and non-muscle actins show distinct intracellular localization patterns, both in
muscle cells (where non-muscle actins are present at the protein level but typically not found
in the myfibrils), as well as in different types of non-muscle cells (Kaech et al., 1997;
Mounier et al., 1997). Based on these data it is believed that in vivo muscle and non-muscle
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actins don’t incorporate into the same filaments in vivo, consistent with their higher amino
acid divergence (Fig. 3). Different actin isoforms have been shown to co-polymerize in vitro
(Bergeron et al., 2010; Muller et al., 2013), but even the highly similar non-muscle - and -y-
actin seem to have some differences in nucleotide and ion dependence as well as
polymerization kinetics (Bergeron et al., 2010). Platelet and chicken gizzard actins appear to
form non-overlapping filaments in vitro (Chen et al., 2017), suggesting that their
predominant isoforms (~85% f- in platelets and ~75% y-actin in chicken gizzard, likely
dominated by the smooth muscle isoform) are potentially averse to copolymerization, p-
actin shows preference for binding to myosin 2B, tropomyosin (Pathan-Chhatbar et al.,
2018), and myosin 2C1 (Muller et al., 2013) and has been reported to have a specific
capping protein betacap73 (Shuster et al., 1996; Welch et al., 2005) and a specific nucleator
DIAPH3 (Chen et al., 2017). Depletion of intracellular cofilin preferentially affects p-actin
polymerization in cells (Kapustina et al., 2016). y-actin exhibits a preference toward myosin
7a (Muller et al., 2013) and has been recently shown to be specifically involved in nuclei
localization in skeletal muscle syncytia (Roman et al., 2017). Non-muscle actin isoforms
exhibit distinct preferences for binding to profilin (Ohshima et al., 1989), thymosin 4
(Weber et al., 1992), ezrin (Shuster and Herman, 1995; Yao et al., 1995), and plastin
(Prassler et al., 1997). Some studies suggest that p- and y-actin show different intracellular
distribution (Dugina et al., 2009; Otey et al., 1988; Otey et al., 1986) and point to a number
of functional differences between actin isoforms in vivo (Baranwal et al., 2012; Clement et
al., 2005; Dugina et al., 2018; Dugina et al., 2009; Hinz et al., 2003), however some of these
results, especially the differential intracellular distribution of p- and -y-actin, are not
corroborated by other studies. It is possible that some, or all, of these effects are cell type
specific, potentially dependent on the cells’ physiological state, and some of them may be
mediated by nucleotide, rather than amino acid differences in actins.

Interestingly, similar actin isoform diversity also exists in other, non-vertebrate species,
including Drosophila, which also contains six actin isoforms encoded by different genes,
including muscle and non-muscle isoforms. It has been recently shown that Drosophila
muscle and non-muscle actins show specificity for different formins (Patel et al., 2018;
Silkworth et al., 2018). It appears likely that isoform-specific mechanisms of actin regulation
are likely universal across the tree of life.

Posttranslational regulation of actin

Studies accumulated throughout the years point to a large number of posttranslational
modifications that directly target actin in different cell types during normal and disease-
related processes (reviewed in (Terman and Kashina, 2013; Varland et al., 2019)). Actin has
been shown to undergo tens of different covalent modifications (Fig. 4) that can potentially
affect nearly every amino acid residue exposed on the surface of the folded actin monomer
(Fig. 5). Relatively little, however, is known about the role of these modifications in
modulating actin’s properties and cellular functions, or about their potential isoform
specificity.

Given actin’s high sequence conservation, presumably resulting from high evolutionary
pressure applied on every residue in the actin’s amino acid sequence, it is expected that
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posttranslational modifications on any of these residues would potentially lead to drastic
effects to actin’s ability to perform its functions in both monomeric and polymeric state.
Compounding this is the fact that the majority of known posttranslational modifications are
not known to be reversible, and actin is a very long-lived protein in the cell. Thus, many of
the modified actin molecules are either selectively removed or expected to exist in the cell
for a very long time, enabling the posttranslational modifications to continuously exert their
effects on different actin molecules and intracellular structures. This regulation could
potentially have profound effects on actin’s intracellular homeostasis.

Over 99% of intracellular actin is N-terminally acetylated (Drazic et al., 2018; Wiame et al.,
2018). This acetylation is part of multi-enzyme processing that has been long known to be
important for actin maturation (Rubenstein and Martin, 1983) and actin’s cytoskeleton
function (Abe et al., 2000; Chaponnier et al., 1995). Interestingly, N-terminal acetylation
affects every muscle and non-muscle actin isoform, even though the specific processing
steps appear to be somewhat different between muscle and non-muscle actins and likely
have some variability in affecting even the highly similar non-muscle actin isoforms. While
deacetylating enzymes do exist in cells, no reversibility of actin’s N-terminal acetylation has
been described (Ree et al., 2018).

Most of the actin’s posttranslational modifications have been identified by mass
spectrometry. Due to high amino acid-level similarity of all actins, and the simultaneous
presence of multiple actin isoforms in the same samples, it is typically impossible to
distinguish posttranslational modifications on specific actin isoforms, with the exception of
the N-terminus. It should be noted that, outside the N-terminus, all the currently known
posttranslational modifications of actin have been found only on the residues that are
identical between all actin isoforms (Fig. 3, 4). This suggests that most of actin’s
posttranslational regulation, whether or not actin isoform-specific, has undergone stringent
evolutionary pressure, and each of these modifications likely exerts universal effects on all
actin isoforms in vivo.

The only currently known actin isoform-specific posttranslational modification is N-terminal
arginylation — covalent addition of the arginine moiety — which affects specifically p—actin
and has not been found in any other actin isoform (Karakozova et al., 2006; Kashina, 2006).
A recent study shows that this arginylation is detected in a number of tissues and cell types
and affects ~1% of endogenous B—actin (the portion of actin that is not normally N-
terminally acetylated) (Chen and Kashina, 2019). Moreover, inhibition of N-terminal
acetylation increases the intracellular p—actin arginylation level by multiple fold (Chen and
Kashina, 2019). While biological effects of p—actin arginylation are unclear, interestingly,
the differential arginylation of f— but not y— actin is driven by differences in their mMRNA
coding sequence, rather than the amino acid sequence. Coding sequence differences confer
faster translation to p— actin, and this faster translation facilitates preferential retention of
arginylated p- actin and degradation of the incorrectly arginylated -y— actin (Zhang et al.,
2010). Ultimately, these findings have driven our early understanding of the importance of
the coding sequence, rather than the amino acid sequence, in actin’s function, and have led
to the recent discovery that nucleotide-level differences underlie the unique role of p- actin
in organism’s viability (Vedula et al., 2017). Thus, regardless of the specifics of B— actin’s
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regulation by N-terminal arginylation, its discovery has played a key role in uncovering a
major mechanism of actin regulation in vivo.

The downstream effects of p— actin arginylation are still poorly understood. Much debate
revolves around its intracellular abundance. While earlier studies based on crude estimates
by gel shifts proposed that 20-40% of total intracellular actin is arginylated, this estimate is
likely incorrect, based on the difficulty of detecting arginylated actin in vivo. The real
abundance of this modification, at least at the stationary level, is likely closer to single
percent quantities, suggesting that its effects are either highly localized (e.g., to the cell
leading edge), or are related to overall regulation rather than exerting direct influence on the
actin network architecture. Deletion of arginyltransferase leads to a disruption of the cell
leading edge morphology and directional migration (Karakozova et al., 2006), and an overall
decrease in intracellular actin polymer levels (Saha et al., 2010). Transfection of cells with
arginylated actin constructs rescues the leading edge morphology and cell migration
(Karakozova et al., 2006). Moreover, antibody-based studies demonstrate localization of
arginylated p— actin at the cell leading edge in different cell types (Pavlyk et al., 2018; Wang
et al., 2017).While these data argue for a prevailing and specific role of arginylated actin at
the cell leading edge, the exact effect of N-terminal arginylation of actin is still being
debated, and requires further investigation.

Notably, additional sites within the actin molecule, as well as additional components of the
actin cytoskeleton can also be arginylated (Cornachione et al., 2014; Kurosaka et al., 2012;
Rai et al., 2008; Wong et al., 2007). It is possible that arginylation of these components,
rather than actin itself, underlies some of the reported effects of arginylation on the actin
cytoskeleton, which extend all the way to the protozoans (Batsios et al., 2019). A recent
study, for example, found a direct link between arginyltransferase ATE1 and the
transcriptional activity of MRTF-A, the component of the serum response pathway directly
regulated by nuclear actin and expected to exert substantial effects on the actin cytoskeleton
(Eisenach et al., 2014).

Given the wealth of posttranslational processes that can potentially target actin, it appears
likely that in vivo only a fraction of these modifications would be present simultaneously on
each actin monomer. It is also likely that these posttranslational modifications are
hierarchically related and some of them may be mutually exclusive. For example, N-terminal
acetylation would likely preclude arginylation, and N-terminal arginylation would definitely
interfere with acetylation, which depends on the actin’s N-terminal stretch of negatively
charged amino acid residues (Arnesen et al., 2018; Drazic et al., 2018). It is possible that
development of new methods of isoform-specific actin isolation can address this constraint
and enable new discoveries of isoform-specific actin regulation. One of such approaches
could potentially involve editing of actin genes to create uni-actin isoform cells and model
organisms, which could be individually analyzed by mass spectrometry to enable further
insights into actin isoforms function.

Given the vast variety of proteins that can interact with actin, it is clear that every
posttranslational modification, whether on monomer or polymer or both, would likely affect
at least some of these interactions and modulate the binding of key actin regulator(s), which
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could in turn lead to strong downstream effects (Abe et al., 2000). Some of the modifications
also affect the properties of the actin subunits themselves, such as Mical-mediated actin
oxidation at Met 44 (Hung et al., 2011), shown to rapidly disassemble F-actin and prevent its
polymerization, thus inhibiting tissue remodeling in vivo. This mechanism has recently
emerged as a major regulator of attractive and repulsive signaling in cells and tissues, tightly
linked to actin oxidation (Fremont et al., 2017; Grintsevich et al., 2017; Grintsevich et al.,
2016; Yoon et al., 2017; Yoon and Terman, 2018). Direct roles of O-GIcNAc-ylation and
phosphorylation of actin have been proposed to occur, an likely play differential roles, in
diabetic nephropathy (Akimoto et al., 2019). A recent study showed that reversible actin
mid-chain acetylation modulates the activity of inverted formin 2 and thus directly affects
intracellular actin assembly (A et al., 2019). An actin-specific methyltransferase SETD3,
which specifically methylates actin at His 73 — another posttranslational modifications that
affects the majority of intracellular actin -- has recently been identified and shown to
regulating actin’s organismal roles in female fertility and smooth muscle contraction (Dai et
al., 2019; Guo et al., 2019; Kwiatkowski et al., 2018; Wilkinson et al., 2019). Overall, actin
posttranslational regulation is rapidly coming into focus, and it can be anticipated in the
future years to take center stage in actin research.

Conclusions.

Actin is one of the most abundant and essential intracellular proteins. Despite decades of
study, many open questions remain in our understanding of actin’s intracellular regulation.
Among these questions, actin isoform specificity and the mechanisms that control actin
function have been recently coming into focus due to the development of new methods and
genetic and biochemical models.

Intracellular actin homeostasis involves a complex interplay between many of its various
functions, which are all tightly linked to the dynamic assembly and disassembly of actin
filaments in the cells. This dynamics can regulate cells on many levels, starting with gene
expression and chromatin organization, and including gene expression, mRNA transport,
translation dynamics, and posttranslational regulation (Fig. 6). On top of this complexity,
which is well studied but still not fully understood, major open questions in the field include
regulation of actin isoform specificity in different tissues and intracellular structures, as well
as the specificity and hierarchy of actin’s posttranslational modifications.
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Figure 1. mRNAs for the six mammalian actin isoforms are abundant in many mammalian
tissues.

Data was adapted and simplified from the charts available at https://www.genecards.org/ for
the human actin genes.
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Figure 2. Six mammalian actin isoforms show differential tissue abundance at the protein level.
Data was adapted and simplified from the charts available at https://www.genecards.org/ for

the human actin genes.
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Figure 3. Six mammalian actin isoforms are highly conserved at the amino acid level.
The solid line at the bottom represents the alignment of the six mammalian actins (following

the gene symbols listed on the left). Red bar on the alignment represents the sequences
unique to each actin isoform. Green bars represent the point amino acid substitutions that
distinguish muscle from non-muscle actins. Blue represent the substitutions unique to only
one actin isoform (a-skeletal actin). Letters on top list the amino acids in each of these
positions for each isoforms (order corresponds to the gene list on the left). Dashes represent
empty spaces. Numbers underneath represent the positions of these substitutions, counting
from the initiator Met.
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MDDDIAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQ
SKRGILTLKYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREK
MTQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVMDSGDGVTHTVPIYEGYALPHAILR
LDLAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLC YVALDFEQEMATAASSSSL
EKSYELPDGQVITIGNERFRC PEALFQPSFLGMESCGIHETTEFNSIMKCDVDIRKDLYA
NTVLSGGTTMYPGIADRMQKEITALAPSTMKIKI IAPPERKYSVWIGGSILASLSTFQQ
MWISKQEYDESGPSIVHRKCE

Acetylation:
ADP-ribosylation:
Arginylation:
Carbonylation:
Crosslinking:

Isoaspartylation:

Malonylation:
Methylation:
Nitration:
Nitrosylation:
OGIcNAcylation:
Oxidation:

Phosphorylation:

SUMOylation:

Met1*, Asp/Glu2*, Asp3*, Lys50, Lys61, Lys68, Lys191, Lys326, Lys328

Arg28, Arg95*, Thr148*, Arg177*, Arg206*, Arg372*

Asp3*, Ser52, lle85, Phe90, Gly150, Leu295, Asn299

His40, His87, His173, Cys374*

Lys50 (with Glu270)*

Asp25, Asp179

Lys61

His73*, 1le87, Asn299, Lys326

Tyr53, Tyr69*, Tyr91, Tyr198, Tyr218, Tyr240, Tyr294, Tyr362

Cys217, Cys257, Cys285, Cys374*

Ser52, Ser155, Ser199, Ser232, Ser323, Ser368

Metd4*, Metd7, Trp79, Met82, Trp86, Met178, Met190, Cys217, Met227, Cys257, Met269, Cys272%,
Cys285*, Met325, Trp340, Met355, Trp356, Cys374*

Ser14, Ser33, Ser52, Tyr53*%, Ser60, Thr66, Tyr69, Thr89, Tyr91, Thr148, Thr160, Thr162, Tyr166,
Tyr169, Thr186, Tyr188, Tyr198, Ser199, Thr/Ser201*, Thr202*, Thr203*, Tyr218*, Thr229, Ser233,
Ser239, Tyr240, Thr262, Tyr294, Thr297, Tyr306, Thr318, Ser323, Ser324, Tyr362, Ser365

Lys68*, Lys284*

Transglutamination: GIn41* (with Lys50 and Lys113)

Ubiquitylation:

Lys50, Lys61, Lys68, Lys84, Lys113, Lys118, Lys191, Lys291, Lys315, Lys326, Lys328

Figure 4. Actin undergoes a large variety of posttranslational modifications.
Top, amino acid sequence of mammalian B—actin, color-coded to depict sites of all

modifications, listed alphabetically underneath. Underlined residues represent sites of
multiple modifications, color-coded for the one found first in the list underneath. Areas
shaded in gray represent the residues on which no posttranslational modifications have been
described. Please note that amino acid positions in the list correspond to those reported in
the published studies and are often counted not from the first Met but from the third residue,
which appears as N-terminal after posttranslational processing in muscle actins. This list was
adapted and updated from (Terman and Kashina, 2013), which lists many of the original
publications that reported these arginylated sites.
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Figure 5. Sites of actin’s posttranslational modifications mapped onto the folded actin monomer.
Yellowed residues represent the sites of possible posttranslational modifications, listed and

mapped in Figure 3. Pink residues represent the sites where no posttranslational
modifications have been described. The actin structure is based on the Cn3D view of b-actin
(PDB identifier 1HLU).
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Figure 6. Levels of intracellular actin regulation.
Actin is regulated at the gene level, through mRNA stability and accessibility to translation,

as well as through interactions with multiple binding partners and direct targeting by
posttranslational modifications. Interplay of this regulation dynamically controls the
diversity of actin functions.
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