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Abstract

Ribonucleic acid (RNA) polymerases are macromolecular machines that catalyze the synthesis of
RNA macromolecules, the sequences of which is coded for by the sequences of regions of
deoxyribonucleic acid (DNA) macromolecules in the nucleus of eukaryotic cells, or nuclei in the case
of many mature striated muscle cells, or myocytes, which are in many cases polynucleated. Herein,
we review the evidence that transcription, the activity of RNA polymerases that is an essential step
in gene expression, and processes related to maturation of eukaryotic RNA can be influenced by the
macromolecule actin and its macromolecular complex of filamentous actin and its association with
actin-binding proteins in the nucleus. We furthermore hypothesize that the macromolecular
complexes of troponin (Tn) and tropomyosin (Tm), which bind actin filaments in the cytoplasm of
striated muscle myocytes to form thin filaments and which are also found in the nuclei of striated
muscle myocytes and some cancerous cells, could modulate that influence of nuclear actin on
transcription when present in a nucleus. Interestingly, troponin and tropomyosin could confer Ca?-
dependence to transcriptional modulation by nuclear actin, a mechanism that would complement
Ca?-dependent modulation of posttranslational modifications that influence gene expression.

Keywords: eukaryotic transcription; RNA polymerase II; nuclear actin; troponin; tropomyosin;
calcium ion

1. Eukaryotic Transcription and Its Regulation

Transcription is the biological process by which genetic information encoded as DNA is
converted into RNA that either serves a functional role in the cell or, as messenger RNA.
Transcription provides information necessary for ribosomal protein synthesis via translation.
Translated proteins play many essential structural and catalytic roles in cellular functions, including
key components of many molecular machines in the cell [1-4]. Since the discovery of RNA
polymerase in 1969, the identification of regulatory mechanisms, including transcription factors,
along with the determination of increasingly complex structures, have provided important insights
into biologically relevant factors that act to affect the process of transcription [3,5]. Advancements in
molecular biology have revealed complexities and nuances of transcriptional regulation, examples of
this being the roles of enhancers, promoters, and various chromatin modifications that participate in
modulation and control of gene expression. One specific innovation, Chromatin Expansion
Microscopy (ChromExM), provides insight into these transcriptional processes described above, and
further aids in our understanding of transcription in vivo [6,7]. As technology continues to advance,
so does our understanding of this complex process [8-10].
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Transcriptional regulation is an essential process within cells that serves many functions, such
as determining the role and identity of cells within an organism, coordinating cellular activity, and
modulating intra- and extra-cellular communication [11]. This process requires both DNA regulatory
elements and transcription regulators to work together in order to facilitate gene expression [12]. The
regulation of RNA polymerase II (Pol II) function is a prime way that transcription is thereby
regulated. Co-regulators modulate Pol II access to promoter regions of DNA, which can directly
interact with Pol II and influence its expression or modify the nucleosome or chromatin architecture
of the transcribed gene itself, altering transcription [13]. Nucleosomes provide a significant barrier to
transcription by Pol II, though when completely or even partially lost, major impacts can occur on
the transcribed genes and impact cell survival [14]. This makes the process of transcribing chromatin
and both displacing nucleosomes whilst retaining them a pivotal process in proper transcription.
Cellular signals, such as physiological, environmental, and developmental signals, play crucial roles
in directing the behavior of transcription regulators and other units within the transcription cycle. In
addition to regulators, DNA elements within the promoter region and coding sequence also play a
large role in transcriptional regulation [12].

In striated muscle tissue, it is essential that cardiac and skeletal myocytes express muscle-specific
genes via transcription. These genes encode proteins—many of which exist in muscle type-specific
isoforms—such as muscle creatine kinase, all three troponin subunits (troponin C, I and T) and alpha
skeletal and cardiac actin, which are required in proper amounts for contraction, ionic homeostasis,
electrical conduction and metabolic properties of muscle cells [15,16]. Studies have identified a single
transcription factor, myoblast determination protein (MyoD), that is uniquely required to initiate
transcription and expression of genes in skeletal muscles. Myogenesis is the formation and
development of muscle tissues. Transcription is a crucial part of myogenesis that differentiates the
muscle cells via transcription factors. Muscle-specific transcription factors (TFs) activate and inhibit
RNA polymerase transcription by binding to DNA and controlling gene expression. The MyoD
family controls muscle cell differentiation and development in skeletal muscle [15,17]. Myogenic
regulatory factors (MRFs) interact with other TFs to regulate gene expression and muscle
development [18]. All these TFs and other regulators interact with one another within striated
muscles to regulate transcription. No single transcription factor has been identified in cardiac and
smooth muscles. Rather, these muscle types require an array of transcription factors, among them
being myocardin [19,20]. Thus, transcription plays a central role in maintaining and building proper
cytoarchitecture of striated muscle cells, or the structures responsible for contraction, anchoring, and
signaling [21]. Abnormalities in cytoarchitecture transcriptional regulation has been shown to lead to
various cardiomyopathies, highlighting the importance of this process [12].

Actin is a protein that plays important cytoskeletal roles in eukaryotic cells, especially for
motility. In many cells, actin participates in cell motility and cytokinesis by dynamically
polymerizing and depolymerizing. In striated muscle cells, actin forms the stable core of thin
filaments while myosin forms thick filaments. Thin and thick filaments are organized into
sarcomeres, which are the fundamental contractile unit of striated muscles. Muscle contraction occurs
when sarcomeres shorten, which involves thin filaments sliding past thick filaments toward the
center of each half of the sarcomere. Filament sliding is driven by actomyosin crossbridge cycling,
with one MgATP hydrolyzed per crossbridge cycle. In contrast to actin in the cytoplasm, actin located
in the nucleus has been proposed to possess many unique roles, including chromatin remodeling,
RNA organization, and transcription regulation. This review will focus primarily on the functions of
Pol II—with brief mention of RNA polymerases I and III (Pol I and Pol 111, respectively) —and their
modulation by nuclear actin such as its role in the formation of the Pol II pre-initiation complex (PIC)
and elongation of the transcript [22]. Nuclear actin helps to stimulate transcription when it is added
to purified Pol II and helps to recruit Pol II to PICs. Nuclear actin likely plays a role in these aspects
of transcription and its regulation in vivo. The presence of muscle-specific actin-binding proteins in
myocyte nuclei led us to review and analyze the roles of nuclear actin—possibly in coordination with
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muscle-specific proteins—as well as interactions with RNA polymerase I, II, and III during
transcription in skeletal and muscular cells.

2. RNA Polymerase, the Molecular Machine Responsible for Transcription

Three genetically distinct RNA polymerases (Pol I, Pol II, and Pol III) are common to all
eukaryotic cells, while land plants have two additional RNA polymerases (Pol IV and Pol V) [23,24].
Pol I is a large enzyme made up of 14 subunits [25] and can be found in an active or inactive state.
Pol I mainly functions to transcribe ribosomal RNA genes in the nucleolus to synthesize ribosomal
RNAs (rRNAs) that are the main structural and catalytic components of ribosomes. Distinct rRNAs
are the primary components of the large and small ribosomal subunits. This makes Pol I activity
essential for cell growth, maintenance and proliferation. Nuclear actin, in coordination with nuclear
myosin 1, may be essential for Pol I function, as disruption of actin polymerization inhibits ribosomal
maturation [26].

RNA Pol III is similar in structure to Pol I, but with subtle differences. For example, Pol III in
eukaryotes is a complex of 17 subunits instead of 14. Functionally, Pol III is primarily known for its
specialized transcription of transfer RNA (tRNA), as well as precursors of the 55 rRNA and U6
nuclear RNA [27]. Like Pol I, Pol IIl is important for the ultimate translation of proteins, and therefore
cellular function. Ultimately, Pol III shares a similar structure and function to Pol I, but has important
nuances in regard to its role within overall cellular function.

While RNA Pol II is involved in transcribing protein coding genes, it is also responsible for the
transcription of many non-coding RNAs such as small nuclear RNAs (snRNAs) and microRNAs
(miRNAs). These RN As, along with other non-coding RNAs, play important roles in RNA processing
and gene regulation among myriad other functions [28-30]. snRNAs are a component of the
spliceosome complex that facilitates the splicing of pre-messenger RNA (pre-mRNA) while miRNAs
regulate post-transcriptional gene expression by targeting messenger RNA (mRNA) for degradation
or translation repression [31]. RNA Poll III also plays a role in the synthesis of snRNA by being
involved in splicing, particularly of U6 snRNA [27,32]. These functions show that RNA polymerases
not only play an important role in protein coding but also in regulating gene expression.

Overall transcription involves all three RNA polymerases—Pol I, Pol II, and Pol III. Each
polymerase is distinguished by its own binding sites in the human genome, the specific set of genes
that it transcribes, and the mechanisms that control it [33]. However, much overlap occurs between
the different units in order to seamlessly transcribe required genes in a cell, such as proximal binding
sites and similar transcription factors. Another overlap occurs in their structures, which each
comprise of a multi-subunit assembly of a conserved core, a central cleft where DNA is harbored, a
clamp that stabilizes downstream DNA and controls opening of the DNA-binding cleft, and a stalk
that extends from the base of the structure to assist in the clamp’s movement (Figure 1A) [34]. Other
conserved elements that facilitate proper transcription include fork loops, the rudder, wall, trigger
loop, and bridge helix (Figure 1B), each with its own contribution to the process ranging from RNA
strand stabilization, directing RNA to the exit channel, separation of RNA from DNA, detecting base
pair mismatching, and separating of DNA at the active site, respectively. Presence of a B-core, which
binds promoter DNA over the Pol II active site, a B-ribbon domain, which binds Pol II, and the B-
linker, which functions to open the promoter, are also important components within these structures,
as they aid in binding DNA and the TATA binding-protein within the PIC [9,35-39]. Variation on a
structural level is associated with the complexity of the core and types of subunits found there, known
as peripheral subunits. Pol I and Pol III are constructed with more subunits, 14 and 17, respectively,
than Pol II, which contains only 12 [34]. Differences in subunit composition may account for the
differences between transcription initiation, termination, and cleavage of RNA among the three
polymerases.
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Figure 1. (a) Internal structure of RNA Pol II transcribing DNA; (b) Structure of RNA pol II. PDB: 1Y1V [40].

Note that these structures do not include nuclear actin. .

Pol II, which is responsible for transcription of the majority of protein-coding genes and many
non-coding RNAs in eukaryotes, must assemble with general transcription factors into the PIC to
properly initiate transcription [41]. The PIC is an assembly of Pol II with seven other parts, six
transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) and a mediator that increases
transcriptional output upon binding to TFs (Figure 2) [42]. Each transcription factor possesses a
unique function within the PIC, including stabilization, recruitment, and regulation. In the past, it
was challenging to identify the DNA target sequences that lead to the formation of the PIC, as the
nucleus is highly dynamic and contains thousands of promoters. However, in vivo studies utilizing
single-molecule tracking methods within yeast cells showed that a mediator-Pol II interaction was
responsible for conducting the transient assembly of the PIC in conjunction with TFIID, TATA box
binding protein and Pol II, the former being globally required for transcription initiation [8,43].
Likewise, the sub-diffusion of factors TFIIB and TFIIE and their recruitment to chromatin was found
to be coordinated by the mediator rather than TFIID, which instead coordinated the sub-diffusion of
TFIIA to chromatin. The mediator plays a pivotal role in transcription by serving as a bridge between
transcription factors and Pol II, assisting in PIC assembly, and stimulating phosphorylation at the C-
terminal domain of Pol II, promoting elongation [44]. This emphasizes the specific roles of the
mediator and TFIID in nuclear exploration and chromatin binding.
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Figure 2. Recruitment of RNA pol II by the pre-initiation complex (PIC) for transcription of DNA. .
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Various models have been proposed to explain the nature of PIC assembly. A sequential model
of assembly was proposed, positing that assembly is a step-by-step process, or even a two-track
model, beginning with TFIID recognizing a specific promoter element, the TATA box-binding
protein, to recruit other general TFs to assemble sequentially the core PIC, intermediate PIC, and holo
PIC to ultimately form the Pol II complex [45,46]. The dynamic model of PIC assembly, however,
depicts the process as a flexible, transient assembly where elements such as Pol II may bind and be
recruited independently to chromatin by activators, and without specific order. This introduced the
idea that PIC assembly may occur through various pathways rather than one strict mode, and that
the outcome of each path may be influenced by the flexible nature in which each component binds
[45]. The recruitment of actin has been found to be important for the assembly of the PIC due to its
recruitment of RNA Pol IT [22].

The intense level of regulation of transcription by Pol I is important for cellular function, as this
control has a direct impact on how much protein and which proteins are later translated and
expressed. Despite its complexity and strict regulation, just like Pol I and Pol III, Pol II also requires
assistance in initiating transcription. Transcription begins when Pol II and its associated transcription
factors (TFIIB, -D, -E, -F, and -H) bind to a promoter element, which is either a TATA box or a TATA-
less promoter [47]. These two main types of promoters differ in both structure and mechanistic
functions, as well as the genes that they encode [48]. Although it has been studied at length and is
widely well-understood, the TATA-box sequence is only found associated with a percentage of
eukaryotic genes, accounting for only ~3% of the human genome [49]. This review primarily focuses
on transcription initiated by the TATA-box sequence, though it is pertinent to note the mechanistic
differences between the two. Both TATA-containing and TATA-less promoters depend on TFIID and
TATA-binding protein (TBP) for transcription to occur, although the site where TBP binds at TATA-
less promoters is hypothesized to be at a TATA-like sequence [48]. Promoters lacking TATA box
sequences also greatly depend on other elements, such as the initiator sequence and downstream
elements like TBP-associated factors to facilitate the binding of TFIID and coactivate transcription
[49,50]. Following a TATA-box based model of transcription, once Pol II is bound to the DNA, the
DNA is unwound and separated by DNA Helicase. It is at this point that Pol II begins transcription
in the 5 — 3’ direction of the template strand, in the process denoted as elongation. Once the entire
DNA sequence has been fully transcribed, transcription ends when Pol II reaches the end of the
coding sequence, the phosphorylation state of its disordered C-terminal domain (CTD) changes,
forming a binding site that termination factors are able to bind to and stop transcription [51]. After
transcription is halted, Pol II dissociates from the transcription complex and is reused when the
process starts again. The CTD plays a role in confining Pol II within regions of the nucleus containing
genes that are available for transcription by restricting its diffusion [10], thus decreasing the time
between completion of transcription of one gene and formation of PIC for transcription of another.

The eukaryotic transcript is pre-mRNA that must undergo covalent modifications in the nucleus.
Many eukaryotic pre-mRNAs undergo splicing, where exon sequences are joined together after the
removal of intron sequences. Some transcripts may be alternatively spliced, in which some but not
all exon sequences are included in the mature transcript [52], as is found for a number of striated
muscle proteins in both vertebrates and invertebrates [53-60]. The mRNA transcript is further
modified covalently with a guanosine triphosphate (GTP) cap (a modified guanine nucleotide) and a
poly-A tail before ultimately leaving the nucleus as mature mRNA. Interestingly, nuclear actin may
be associated with proteins that are involved in mRNA splicing [61], although it may have more
general roles in transcriptional regulation, even though it does not show up in existing structures of
complexes involving RNA polymerases (Figures 1 and 2). Due to its wide-ranging roles in cells, it is
for this reason that the relationship between nuclear actin, RNA pol II, and transcription more
generally should be investigated.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0309.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 August 2025 d0i:10.20944/preprints202508.0309.v1

6 of 22

3. Requirement of Nuclear Actin for RNA Pol II Function

Actin is well known for its cytoplasmic and cytoskeletal roles, including its major role in muscle
contraction [62-67]. Early research found actin not only in the cytosol of muscle cells but also in the
nucleus [68,69], although there was concern that the abundance of cytoplasmic actin could confound
attempts to detect actin in the nucleus. Though there is preliminary information about nuclear actin’s
localization to the nucleus and work with Pol II, much is still unknown about its structure. Nuclear
actin is currently known to exist as monomers, small polymers, and rods that assemble dynamically
[70-75]. Nuclear actin contrasts in more ways than one with cytoplasmic actin; while evidence does
not directly show that nuclear actin polymerizes into filaments (F-actin), it does instead show
formation of short oligomeric filaments or predominantly monomeric G-actin [76]. One outcome of
this structural difference is that it prevents interference with chromatin structure and disruption of
the transcription process [77,78]. For instance, polymerization of nuclear actin into rods, forming
under stress conditions, can act as an inhibitor to Pol II activity, suggesting its role as a negative
inhibitor of transcription [77-79]. Nuclear actin can be covalently modified by SUMOylation, a type
of post-translational modification involving small ubiquitin-like modifier (SUMO) polypeptides that
are targeted to specific lysine residues [79]. Of the four SUMO genetic isoforms in the human genome,
two transcripts (SUMO2 and SUMO3) can modify nuclear actin [79]. SUMOylation of nuclear actin
distinguishes it from cytoplasmic actin and allows the formation of other nuclear actin structures,
such as one with an antiparallel lower dimer. These different configurations of nuclear actin, in
comparison with cytoplasmic actin, can accommodate the specialized functions that actin performs
in the nucleus.

Polymerization of nuclear actin is regulated by actin-binding proteins that localize actin to the
nucleus [80]. Actin-binding proteins such as cofilin, CapG and megakaryocytic acute leukemia (MAL)
protein—a G-actin-binding coactivator of the transcription factor SRF (serum response factor)—
contain nuclear localization sequences that enable transport of actin into the nucleus [81,82]. Other
actin-binding proteins, such as diaphanous-related formins and the actin-related proteins 2/3
(Arp2/3) complex, can localize to the nucleus and regulate nuclear actin dynamics [61,83]. Nuclear
actin itself does not contain a nuclear localization sequence [84]. In addition to actin-binding proteins,
SUMOylation is necessary for the nuclear localization of actin and is also crucial for the retention of
actin in the nucleus [79]. SUMOylation and other actin-binding proteins recruit actin to the nucleus
and may also play a role in regulating the structure of nuclear actin.

In addition to post-translational regulation, SUMOylation and actin-binding protein expression
is subject to transcriptional regulation as these pathways are also involved in gene expression. Actin-
binding proteins may be controlled by upstream Rho GTPases which therefore aid in controlling
nuclear actin dynamics [85]. Though the regulation of the SUMOylation system remains a topic of
debate, it has been found that the system is upregulated by Ca?* signaling during keratinocyte
differentiation. Specifically, Ca? induces transcriptional activation of several components of the
SUMOylation system such as SUMO2, SUMO3, and the ubiquitin conjugating enzyme Ubc9 (E2I)
[86]. Conditions such as hypoxia induce the expression of SUMO1 RWD-containing SUMOylation
enhancer. Ubc9 expression has been found to be linked to different types of carcinomas [87].

Nuclear actin and actin-related proteins are hypothesized to play critical roles in chromatin
remodeling. These roles include facilitation of the movement of chromatin and nucleosomes,
movement that is vital for initiation of transcription as well as other processes such as DNA
recombination and repair [77] and 3D organization of chromatin that is essential for coordination of
transcriptional regulation across the genome [88]. One example of this process in action is within the
regulation of MAL protein via the Rho-actin signaling pathway [89]. Rho GTPase activation induces
actin polymerization, accumulation of F-actin and reduction of G-actin, to which MAL is bound [82].
Once MAL and G-actin interactions are interrupted, MAL can be transported from the cytoplasm and
localized to the nucleus where it can bind to the transcription factor serum response factor (SRF),
coactivating it. SRF is a mediator protein that helps to relay a rapid transcriptional response from
extracellular signals [90]. SRF controls genes associated with many vital functions including cell-cycle
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progression, neuronal synaptic transmission, and muscle cell differentiation, highlighting its role in
gene expression and transcriptional regulation. However, without the presence of the switch/sucrose
non-fermentable (SWI/SNF) chromatin-remodeling complex bound to promoter regions of DNA, SRF
only binds loosely to chromatin [91]. SWI/SNF binding triggers ATP-dependent chromatin
remodeling, rearranging nucleosomes that allows SRF to bind more tightly and carry out
transcriptional regulation.

An example of nuclear actin’s more direct role in chromatin remodeling involves the BRG/BRM-
associated factor (BAF) chromatin remodeling complex that contains (3-actin. The actin component is
tightly associated with actin-related protein 4 (ARP4) and is required for the full function of ATPases
such as BRG1 within the BAF and SWI/SNF complexes, which provide energy for chromatin
remodeling by hydrolyzing MgATP [92]. During development, the BAF complex is critical for gene
activation by transforming inaccessible embryonic genes in heterochromatin to accessible states in
euchromatin that can be transcriptionally activated [93]. Further, in the absence of B-actin, the ATPase
BRGI1 dissociates, leading to chromatin reorganization and alteration of its accessibility for
transcription and in turn drastically altering expression of genes involved in cellular identity [94].
This demonstrates the influential role of nuclear actin in chromatin remodeling and its necessity for
maintaining and regulating gene expression [83].

Nuclear actin is also involved in RNA clustering. RNA clustering helps to organize RNA in
specific locations within the nucleus, which helps with the efficacy of gene regulation and cellular
responses when they receive an external signal [95]. Regulation of RNA clustering is also thought to
promote PIC formation, which is another important role of nuclear actin. Actin is crucial in the
formation of PICs and is found associated with Pol II within its C-terminal domain, where it interacts
with certain ribonucleoproteins that together recruit the histone acetyltransferase to induce a
permissive chromatin environment for transcription initiation [92,96]. Actin is also especially
necessary during the elongation phase of transcription, for it helps in the recruitment of positive
transcription elongation factor b (P-TEFb), an elongation factor that binds to Pol II and
phosphorylates Pol II at residue Ser2, which allows it to continue transcription [97]. Actin’s role in
PIC formation has been well substantiated through studies that show when it is absent from the
nucleus, the formation of PICs does not occur [22]. This disruption in the formation of PICs occurs
because nuclear actin is necessary for TBP to bind to the TATA box sequence, a necessary step for
transcription to begin. Chromatin immunoprecipitation assays have also indicated that nuclear actin
is recruited to genes ready for transcription [98]. Nuclear actin then recruits Pol II to the PIC,
demonstrating the importance of its role in gene expression.

Nuclear actin has been found to play multiple, potentially critical, functional interactions with
Pol II. Nuclear actin is structurally associated with Pol II, although most likely indirectly via protein-
protein subunit interactions, and has roles in Pol II's transcription initiation with the PIC and
transcription regulation, as discussed above. However, this topic—like the history of nuclear actin in
general —has not been without debate and controversy. Studies involving nuclear actin have
sometimes been questioned, in part due to nuclear actin not having a unique structure and function,
but also because actin that is thought to be localized within the nucleus could instead be due to
contamination by cytoplasmic actin, which is highly abundant in the cell [99]. Approaches to
studying the role of nuclear actin in transcription and transcriptional regulation prove to be
challenging as many in vivo studies of Pol II do not include actin or may be difficult to replicate.
Unreliable techniques to capture nuclear actin have made it difficult to visualize its structure and
ultimate function in living cells [99].

Compelling evidence strongly supports the role of nuclear actin in transcription. Emerging in
vivo studies have introduced new techniques in this area. Findings from Drosophila oogenesis indicate
that nuclear actin is prevalent in vivo, with pools of nuclear actin identified by multiple reagents
[100]. This reveals that there is much more to be studied regarding the function of actin in the nucleus.
In vivo studies involving yeast examine the mechanisms of Pol II in transcription and discuss the
involvement of nuclear actin. One study highlights the importance of nuclear actin in the
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transcriptional regulation of the Pol II PIC [45]. Another notes nuclear actin's role in chromatin
remodeling and Pol Il promoter recruitment [101]. Actin-binding proteins, including Wiskott-Aldrich
syndrome proteins and Cofilin/ADF have been linked to their involvement in regulating levels of
nuclear actin to achieve maximum transcription [92]. This supports the idea that nuclear actin levels
can influence transcriptional activity and is required in some amount for proper transcription.
Although the structure and function of nuclear actin are not fully understood, in vivo studies have
demonstrated its existence and potential roles with Pol II. These studies advocate for the significance
of nuclear actin, and as more is uncovered about it, additional questions arise.

Alongside its contribution to nuclear dynamics and the regulation of transcription, nuclear actin
also influences the spatial organization of chromatin, which can impact Pol II function. Pol II activity
is not only regulated by TFs, but by the three-dimensional location of genes within the nucleus. Each
chromosome occupies a defined region within the nucleus known as a chromosome territory. Nuclear
actin and other regulatory proteins have been found to participate in chromosome architecture
organization and remodeling. For instance, inhibition of F-actin polymerization resulted in increased
heterochromatin at the mitotic exit [102], suggesting a role for nuclear actin in nuclear reorganization.
Chromosomal territories regulate chromosome accessibility and the extent to which Pol II can bind
to chromosomes and initiate transcription. Nuclear actin regulation of chromosome structure and
territories suggests that actin can serve as an allosteric regulator in macromolecular assemblies such
as chromatin remodeling [22].

Antibodies are able to recognize different types of actin, including distinguishing between
cytoplasmic and nuclear (-actin, which indicates that nuclear actin is structurally distinct, even
though it is not an isoform coded for by a separate gene in the actin family. Antibodies that uniquely
recognize nuclear actin have been shown to have inhibitory effects, therefore affecting transcription
and other processes within the cell. Nascent RNA molecules are shown to have associations in the
nuclear matrix with actin, which is needed for the synthesis of new transcripts [22]. These antibodies
inhibit the functions of nuclear actin and, therefore, inhibit the association of the actin with RNA
molecules, leading to a reduction of these RNA molecules. This reduction disrupts a process that is
necessary for gene transcription. These antibodies also prevent a short, 15-nucleotide transcript from
being produced. This 15-nucleotide transcript is needed for the transition from transcription initiation
to elongation. The antibodies inhibit the formation of the PIC due to the fact that actin is needed for
this process, as discussed above. This inhibition further suggests that actin acts as a bridge between
Pol II and other parts of the PIC [22].

In addition to nuclear actin, however, other possible nucleoskeletal components of transcription
have been found [103-105]. Nuclear myosin, an isoform of myosin 1, is involved in transcription
elongation and regulation of Pol I and Pol II. In Pol I, nuclear myosin 1 (NM1) may play an important
role in the stabilization of actin filaments, as both proteins are associated with the entire rDNA repeat
[106]. This suggests a potential structural role in facilitating Pol I movement. The roles of Pol I in cell
function and growth are suspected to be aided by interactions with nuclear actin and myosin
[107,108], suggesting a better understanding of the mechanisms underlying ribosome synthesis and
cell proliferation.

Confocal and electron microscopy revealed that NM1 colocalized with Pol II, appearing to be a
part of a complex affecting transcription [109]. However, a prevalent nuclear myosin associated with
Pol Il is nuclear myosin VI (NMVI). NMVI colocalizes with newly transcribed mRNA and Pol II, both
enhancing and modulating Pol II-dependent transcription [110]. In vivo studies have shown that
NMVI contributes to RNA clustering and localization, thus demonstrating its role as a regulator of
gene expression [111]. This suggests that there may be an underlying nuclear actin-myosin
component of the Pol II transcription mechanism and regulation, although there may be other
contributing factors. Evidence for the nuclear localization of Tm and troponin subunits has been
found via immunofluorescence microscopy using antibodies against the three cardiac troponin
subunits (troponin C, troponin I and troponin T) and Tm [112-114]. Further exploration into nuclear
troponin and Tm may reveal their possible roles within the nucleus and transcription regulation.
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4. Troponin and Tropomyosin as Potential Modulators of Nuclear Actin and
Transcription

In addition to nuclear actin and myosin, thin filament proteins troponin and Tm can be found in
the nuclei of striated muscle myocytes [112,115] (Figure 3) and some cancer cells [116]. Troponin and
Tm are best known for the role they play in the Ca?-dependent regulation of striated muscle
contraction [66,117]. During muscle contraction, troponin and Tm control the interaction between
actin and myosin filaments in a Ca?-dependent manner [66,67,118-121], possibly suggesting that
they could play a similar role with nuclear actin and myosin. Structurally, Tm is a longer, fibrous
protein that lies along the actin filament, blocking myosin binding sites on actin when the skeletal
muscle is relaxed [57,66,67,118,119]. Troponin is a protein complex composed of three polypeptide
subunits that are coded for by distinct genes and are referred to as troponin C (TnC), troponin I (TnI),
and troponin T (TnT). TnC, Tnl and TnT have roles in Ca?" binding, inhibition of the actin-myosin
interaction, and anchoring the troponin complex to Tm, respectively [117,122-124].

& F-Actin
] ®
" &
Calcium ®

@
® ® e NuclezlrEnv.gjope e o

Pol IT Troponin and N 7
Tropomyosin

Figure 3. Hypothesized macromolecular organization of actin in association with troponin and tropomyosin
within the nucleus. As discussed in the text, actin (pink, cytoplasmic actin; red, nuclear actin) is localized to the
nucleus via actin-binding proteins, some with a nuclear localization signal, such as cofilin. Other forms of
recruitment involve the mechanotransduction system, with SUN2 (purple) associating with the linker of
nucleoskeleton and cytoskeleton (LINC) complex (green in outer nuclear membrane and cytoplasm). Transport
of macromolecules such as mature RN As out of the nucleus and proteins into the nucleus occurs through nuclear
pores in the nuclear envelope. Inside the nucleus, actin (red) could interact with nuclear troponin (blue) and
tropomyosin (cyan) to form thin filament-like macromolecular complexes that modulate Pol II (green within
nucleus) transcriptional activity, the synthesis of mRNA (yellow) based on the sequence of DNA (gray). Note
that actin, tropomyosin, and thin filaments are not as rigid as depicted [125,126] and thus could exhibit some

flexure over the length scale of a nucleus.

Though their well-established role in Ca?-dependent regulation of muscle contraction occurs in
the cytoplasmic myofilaments of the sarcomere, substantial evidence demonstrates the presence of
these proteins within the nucleus of striated muscle cells. Specifically, the cardiac forms of Tnl and
TnT were detected in association with nuclei of adult human cardiac myocytes [127,128], with Tnl
being clearly localized within nuclei [128]. In addition, proteomic analysis of isolated cardiac nuclei
from rodents also identified cardiac TnC, Tnl, and various tropomyosin isoforms like cardiac a-Tm
[129]. Finally, immunofluorescence studies have identified all of the components of thin filaments—
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native cardiac troponin subunits cardiac TnC, Tnl and TnT, as well as cardiac a-Tm—within the
nuclei of cultured neonatal rat ventricular cardiomyocytes [112].

While the presence of all three cardiac troponin subunits has been demonstrated in
cardiomyocyte nuclei, it is not definitively known if they assemble onto F-actin-Tm to form thin
filaments within the nucleus, or even if they form the ternary troponin complex within the nucleus,
as occurs in the sarcomere. However, if actin can polymerize into filaments within the nucleus, it
stands to reason that short thin filaments could be formed in striated muscle cell nuclei by associating
with Tm and troponin complexes (Figure 3). Furthermore, Tnl and TnT have lower solubility on their
own in cellular conditions compared to the troponin complex. Actin in the nucleus appears to be
highly dynamic, existing in monomeric form or as short oligomers [130]. In studies where drugs were
administered to cells that specifically blocked polymerization of actin, transcriptional activity was
inhibited. On the other hand, drugs favoring polymerization resulted in regular transcriptional
activity. More importantly, it was also found that actin mutants could only restore transcriptional
activity when F-actin was stabilized, as opposed to mutants that do not stabilize F-actin [71]. This
suggests that nuclear actin involved in transcription must be in the polymerized, filamentous state,
which would not only enable thin filament formation in cells where Tm and troponin are present, but
also allow actin filaments to serve as tracks for nuclear myosin transport [108-111].

Interestingly, Tnl and TnT can influence DNA and chromatin function, presumably outside of
the ternary troponin complex. Tm-Tnl in association with actin has an important role as a cytoskeletal
complex that helps maintain chromosomal integrity and cell polarity during cell division and
development in Drosophila [131]. Mutations of the Tm-Tnl complex lead to chromosome fragment
loss and mis-localized polarity markers, resulting in defects in mitosis and chromosome segregation
[131]. Such effects could be tied to the development of pathological phenotypes, such as cancers and
cardiomyopathies, as chromosomal instability and nondisjunction within cells that are common
among many cancers [103,116]. Studies using fluorescent skeletal TnT constructs have implied that
the troponin complex may be the relevant entity for nuclear localization [132], consistent with earlier
bioinformatics analyses [127]. However, assembly of TnT into the troponin complex may not be
required for nuclear localization in overexpression studies, due to a potential non-stoichiometric ratio
of subunits [132]. TnT3, a form of TnT found in fast skeletal muscle cells, not only localizes in the
nucleus but also associates with RNA-polymerases, suggesting a role in transcriptional regulation
[132]. Studies that support this also find that TnT3 associates with DNA consensus sequences and
modulates transcription, perhaps by acting as a transcription factor [133]. Changes in nuclear TnT3
and its fragments are also highly affected by aging [115]. Thus, troponin subunits may have functions
in the nucleus whether or not they assemble into the troponin complex and then assemble into thin
filaments with F-actin-Tm.

Along with nuclear troponin and Tm, nuclear Ca? has several hypothesized functions in the
regulation of neurons and both cardiac and skeletal muscle cells. Given their role as Ca?-sensors in
the striated muscle sarcomere [117], a likely role for troponin and Tm in the nucleus could be to confer
Ca?-regulation to processes involving nuclear actin [72]. Focusing on cardiomyocytes, nuclear Ca?
functions as a Ca*-dependent signaling pathway and second messenger. This pathway targets
transcription factors with direct or indirect dependence on Ca?* such as calcineurin-nuclear factor of
activated T-cells (CaN-NFAT) and Ca?/calmodulin-dependent protein kinase II (CaMKII) histone
deacetylase (HDAC) [134]. These transcriptional effects and nuclear Ca? signals may influence gene
expression. Ca? signaling itself can be either up- and down-regulated based on changing cellular
needs by various pathways, depending on cell type, such as within the feedback loops of NFAT and
cyclic-AMP response element-binding (CREB) protein [135]. The regulation of nuclear Ca> within
cardiomyocytes and its impact on transcription can determine cardiac remodeling, which may lead
to diseases such as hypertrophy and heart failure [134,136]. In skeletal muscle cells, inositol
trisphosphate (IP3) receptors on the nuclear envelope may organize the nuclear Ca? signal in
electrically stimulated skeletal muscles [137,138]. This signal is distinct from cytoplasmic Ca?*
involved in muscle contraction. The nuclear Ca?* signal was found to activate extracellular signal-
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related kinases 1 and 2 (ERK1/2) mitogen-activated protein kinase (MAPK) signaling that
phosphorylates CREB [138]. These phosphorylation-related signaling events lead to changes in
transcription and gene expression. Modulation of transcription by nuclear Ca?* can affect gene
expression not only in cardiomyocytes and skeletal muscle cells but also in relation to Pol II and
nuclear actin.

Rapid polymerization of nuclear actin is mediated by nuclear Ca?* signaling, which leads to its
functions described above, such as chromatin remodeling and transcriptional regulation. Nuclear
actin polymerization triggered by nuclear Ca?* emanates from the inner nuclear membrane (INM)
and is facilitated by INM proteins SUN2 and INF2 in the NIH3T3 fibroblast cell line that likely does
not express troponin subunits [139]. Nuclear Ca? co-localizes these proteins in the INM, triggering
the nuclear localization of actin; this localization of nuclear actin increases with rising levels of nuclear
Ca?. The interaction with SUN2 may reveal more about the structure of nuclear actin. The
INF2/SUN2-mediated nuclear actin network promotes the formation of Pol II foci [139]. SUN2 and
INF2 interactions increased with elevated nuclear Ca?, promoting Pol II clustering by the
polymerized nuclear actin network. This demonstrates how nuclear Ca* and actin have potential
roles in the regulation of transcription and its efficiency.

Another mechanism by which actin can modulate transcription is through the yes-associated
protein (YAP) and TAZ pathway, a pathway that has been shown to be important for cell fate and
differentiation [140]. This mechanism is a primary example of a mechnotransduction pathway in
which extracellular constraints lead to intracellular mechanical responses, otherwise known as
mechanosensing, further resulting in a cascade of signaling pathways [141]. External mechanical
stresses illicit strong responses from cytoskeletal features, namely tubulin, intermediate filaments
(desmin in striated muscle), nuclear envelope proteins, and actin; stresses result in extracellular
matrix stiffness and cytoskeletal tension, both of which influence the amount of monomeric and
filamentous actin within the nucleus [142]. F-actin levels indirectly modulate YAP activity by
activating or inhibiting upstream pathways, collectively known as the Hippo signaling pathway.
Increased F-actin assembly within the nucleus promotes the YAP pathway by simultaneously
inhibiting Hippo signaling and increasing nuclear YAP/TAZ levels and promoting nuclear
localization of these proteins [140]. Once in the nucleus, YAP/TAZ associate with DNA-binding
proteins and transcription factors to co-activate transcription, specifically of genes involved in cell
cycle control relating to cell proliferation and cell death. Misregulation of this pathway has been
linked to cellular disorders, especially cancer, leading to tumor growth [141]. Overexpression of
active YAP and elevated YAP protein levels have been reported in skeletal muscle tumors and cancers
in both in vitro and in vivo studies, as high YAP protein levels inhibit other pathways with tumor
suppression functions. In this way, YAP plays a significant role in transmitting mechanical cues from
the cytoskeleton into a transcriptional cell response.

As detailed, actin plays a large role in many cellular processes, including those within the
nucleus that regulate fundamental genetic mechanisms that include transcription, RNA processing,
DNA recombination, and nuclear export. While cytoplasmic actin is commonly associated with Tm
and the troponin complex in striated muscle myocytes and some cancer cells, nuclear actin has also
been detected in cardiac myonuclei that also contain the cardiac isoforms of these proteins [112]. It is
unclear whether these proteins assemble into thin filaments under any conditions, and whether they
might be present in any other cell types, including undifferentiated cells. A specific form of myosin
that has been identified to exist solely in the nucleus is nuclear myosin (NM1), which has a unique
structure from cytoplasmic myosin, as it contains a specific nuclear localization sequence within its
N-terminus [130]. Given the close relation between actin, myosin, and the Ca? regulatory proteins
troponin and Tm, it seems probable that these components would be found assembled within the
nucleus to carry out various functions in concert. One example of actin and nuclear myosin I synergy
is the promotion of transcription by RNA Pol I[130].

Troponin is well known for its Ca* binding properties as it contains a Ca?*-binding subunit, TnC.
Cytoplasmic Ca? is well-known for its role as a second messenger in excitation-contraction coupling,
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controlling muscle contraction in response to physiological needs. In cardiac muscle specifically,
cytoplasmic Ca? concentration is heavily regulated. Each heartbeat is governed by an electrical action
potential that results in a cytoplasmic Ca?" transient—a rise of the amount of free cytoplasmic Ca?
followed by its subsequent removal [134,136]. Ca?* within the nucleus is also heavily regulated;
nuclear Ca?* participates in regulating gene expression of cardiomyocytes. Cardiac muscle regulates
force on a beat-to-beat basis (Starling’s Law) with mechanisms intrinsic to the myofilaments [143,144].
But cardiac muscle must also respond to physiological changes over longer timescales, responses that
often involve changes in gene expression that are largely controlled by nuclear Ca?-dependent
signaling pathways. Nuclear Ca?* directly or indirectly activates specific transcription factors such as
NFAT in the CaN-NFAT pathway and CREB via the cyclic-AMP signaling pathway; both TFs and
their pathways are required for the reprogramming of cardiomyocytes [134]. Increases in local
nuclear Ca? levels modulate such transcription factors, in turn activating signaling pathways to
regulate or control gene expression within the cell. More research is needed in regards to the
excitation-transcription coupling process of Ca?* to better understand its implication and mechanism
within cardiac myocytes and striated muscle cells more generally. Though one underlying principle
is clear: there is a clear and vital role of cellular Ca? in the regulation of cardiac cells, including
transcription of striated muscle cells overall. Troponin’s presence, accompanied by actin and Tm,
within nuclei and its role as a Ca?*-binding protein suggest that, in conjunction with each other, these
components could serve to regulate transcription in profound ways.

It is important to note about nuclear function that the location of nuclei within cells greatly
influences their function. Cardiomyocytes can be mono- or multi-nucleated, with nuclei located
centrally, surrounded by myofibrils [145-147]. Because of the position of the nuclei, the nuclei
experience both the Ca? transient and mechanical compression every time contraction occurs in the
heart. The location of nuclei differs in multi-nucleated skeletal muscle fibers when compared to
cardiomyocytes due to the fact that the multi-nucleated nuclei are located in the peripheral region of
the cell, between the sarcolemma and the myofibrils, rather than centrally as found in
cardiomyocytes. Because skeletal muscle fiber nuclei are not located within the myofibrils, the
mechanical impact on the nuclei is not as direct when contraction occurs. Interestingly, recent studies
have found associations between nuclei that are centrally located in skeletal muscle fibers with some
skeletal myopathies [148,149].

Mechanosensing in myocytes describes the physical, mechanical forces experienced by muscle
cell nuclei due to contraction or externally applied forces; it is a concept that can be applied more
generally to forces—internal or external —experienced by any cell type. Forces that are not directly
experienced by the nuclei (e.g., compression of cardiomyocyte nuclei during systole) are transmitted
through the cytoskeletal network, which is composed of actin, microtubules, and intermediate
filaments [150]. Mechanical strain still occurs because of the cytoskeleton network deforming around
the nuclei, which is transmitted to them by the same cytoskeleton network [150]. These forces can
ultimately cause deformation in the nuclear envelope and can change the organization of chromatin
and gene expression [151,152].

5. Conclusions

With a growing understanding of nuclear actin's role in eukaryotic transcription, studies have
also revealed its complex role in gene regulation, especially within striated muscle cells, where
transcriptional control possesses both structural and signaling components. Evidence supports that
nuclear actin serves not solely in a structural role but also as a dynamic regulator involved in
chromatin remodeling, RNA clustering, and assembly of the RNA polymerase II PIC. Its cooperation
with nuclear myosin, along with recruitment and regulation via mechanisms such as SUMOylation
and Ca? signaling, further highlights the sophisticated manner in which transcriptional activity is
directed in the nucleus.

Emerging evidence suggests that cytoskeletal proteins like troponin and Tm may also localize
to the nucleus and interact with nuclear actin in a nuclear Ca2-dependent manner. Their potential
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roles in modulating nuclear actin complexes within the nucleus could further influence RNA Pol I
function beyond the role of nuclear actin alone. Together, these findings and hypotheses highlight
what is still unknown about transcriptional regulation in striated muscle biology.

Many studies have reported that troponin and Tm are overexpressed in various cancers, and
they may play a role in gene regulation. Troponin T3 (TnT3) contains nuclear localization signals and
a leucine zipper DNA-binding domain [132] This can allow for nuclear import as well as potential
transcriptional regulatory activity. TnT3 has also been shown to be involved in the nuclear import of
a calcium channel subunit that modulates gene expression in muscle cells [153]. Troponin subunits
have been detected in certain cancers [116] and tropomyosin is frequently used as a biomarker in
order to detect certain cancers [154], even though their actual involvement in cancer progression is
not entirely known. These findings suggest that troponin and Tm have additional roles beyond their
typical functions in striated muscles and may also act as transcriptional regulators in other contexts
such as cancer. Studying nuclear thin filament components is not only relevant to myocytes, but also
potentially in cancer cells that aberrantly express these striated muscle proteins. The hypothesis that
Tm and troponin could act as transcriptional modulators opens new possibilities that deserve
investigation.
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Abbreviations

The following abbreviations are used in this manuscript:

Arp2/3 Actin-related proteins 2/3

ARP4 Actin-related protein 4

BAF complex BRG/BRM-associated factor complex
CaMKII Ca?*-calmodulin-dependent protein kinase II
CaN Calcineurin

ChromExM  Chromatin expansion microscopy

CREB Cyclic-AMP response element-binding

CTD Disordered carboxy-terminal domain of RNA Pol II
DNA Deoxyribonucleic acid

ERK1/2 Extracellular signal-related kinases 1 and 2
F-actin Filamentous (polymerized) actin

G-actin Globular (monomeric) actin

GTP Guanosine triphosphate

HDAC Histone deacetylase

INM Inner nuclear membrane

1P3 Inositol trisphosphate

LINC Linker of nucleoskeleton and cytoskeleton
MAL Megakaryocytic acute leukemia protein
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MAPK Mitogen-activated protein kinase
miRNAs microRNAs

MRFs Myogenic regulatory factors

mRNA Messenger ribonucleic acid

MyoD Myoblast determination protein

NFAT Nuclear factor of activated T-cells
NM1 Nuclear myosin 1

NMVI Nuclear myosin VI

PIC Pre-initiation complex for transcription
Pol I RNA polymerase I

Pol II RNA polymerase II

Pol IIT RNA polymerase III

Pol IV RNA polymerase IV

Pol V RNA polymerase V

pre-mRNA Pre-messenger RNA

P-TEFb Positive transcription elongation factor b
rDNA Gene for a ribosomal RNA

RNA Ribonucleic acid

rRNA Ribosomal ribonucleic acid

snRNAs small nuclear RNAs

SRF Serum response factor

SUMO Small ubiquitin-like modifier protein
SWI/SNF switch/sucrose non-fermentable chromatin-remodeling complex
TBP TATA-binding protein

TFs Transcription factors

Tn Troponin

TnC Troponin C subunit of troponin

Tnl Troponin I subunit of troponin

TnT Troponin T subunit of troponin

Tm Tropomysin

tRNA Transfer ribonucleic acid

Ubc9 ubiquitin conjugating enzyme Ubc9 (E2I)
YAP Yes-associated protein
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