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Abstract: The importance of the cytoskeleton not only in cell architecture but also as a pivotal element
in the transduction of signals that mediate multiple biological processes has recently been highlighted.
Broadly, the cytoskeleton consists of three types of structural proteins: (1) actin filaments, involved
in establishing and maintaining cell shape and movement; (2) microtubules, necessary to support
the different organelles and distribution of chromosomes during cell cycle; and (3) intermediate
filaments, which have a mainly structural function showing specificity for the cell type where they
are expressed. Interaction between these protein structures is essential for the cytoskeletal mesh to be
functional. Furthermore, the cytoskeleton is subject to intense spatio-temporal regulation mediated
by the assembly and disassembly of its components. Loss of cytoskeleton homeostasis and integrity
of cell focal adhesion are hallmarks of several cancer types. Recently, many reports have pointed out
that lncRNAs could be critical mediators in cellular homeostasis controlling dynamic structure and
stability of the network formed by cytoskeletal structures, specifically in different types of carcinomas.
In this review, we summarize current information available about the roles of lncRNAs as modulators
of actin dependent cytoskeleton and their impact on cancer pathogenesis. Finally, we explore other
examples of cytoskeletal lncRNAs currently unrelated to tumorigenesis, to illustrate knowledge
about them.

Keywords: lncRNAs; actin filaments; cytoskeleton architecture; cancer; tumorigenesis

1. Introduction

Recently, extensive advances in transcriptomic and genomics have led to elucidate that
the genome is far more pervasively transcribed than was previously appreciated, highlight-
ing the importance of the non-coding genome in several cellular processes [1–3]. Broadly,
the non-coding genome can be divided into short non-coding RNAs, such as microRNAs,
and long non-coding RNAs. Much of the newly discovered transcriptome appears to
represent long non-coding RNAs (lncRNAs), a heterogeneous group of largely (more than
200 nucleotides) uncharacterized transcripts without the potential to generate proteins [4,5].
Similar to mRNAs, lncRNAs molecules are transcribed by RNA polymerase II and in a
few cases by RNA polymerase III and are subjected to post-transcriptional modifications
such as the addition of a poly (A) tail at the 3′ end or a cap at the 5′ end. Structurally, they
present exons and introns and undergo alternative splicing processes [6–8]. Evolutionary
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analysis has demonstrated that lncRNAs are lowly conserved across species but display a
very restricted expression both in the tissue and time lapse where they are expressed [9].
Although the majority of lncRNAs are found in the nuclear genome, several examples
of lncRNAs located in the mitochondrial genome have been described. Mitochondrial
lncRNAs are transcribed and processed by the mitochondrial transcriptional machinery
but are under the regulation of nuclear proteins [10]. At the cellular level, lncRNAs can be
located both in the nucleus and in the cytoplasm, but some cases of lncRNAs located in
both cell compartments have been reported. Notably, cytoplasmic lncRNAs usually act as
post-transcriptional regulators while nuclear lncRNAs usually act as transcriptional regu-
lators reflecting a correlation between location and function of lncRNA [11–13]. Multiple
reports have demonstrated the pivotal role of lncRNAs in multiple cellular processes such
as proliferation, differentiation, development, cytoskeletal remodeling, homeostasis, and
diseases [14–18].

Classically, the cytoskeleton has been defined as a complex and dynamic meshwork
composed of different structural proteins and a multitude of accessory components, mostly
of a protein nature that mediates formation and stabilization of cytoskeletal structures
themselves and the interactions between them. Broadly, cytoskeletal architecture is formed
by three pivotal protein structures: (1) microfilaments of actin, responsible for shaping
the cell and movement in a multitude of cells and unicellular organisms; (2) microtubules
consisting of tubulin dimers, which facilitate the anchoring of the different cellular or-
ganelles in the cytosol as well as in the movement of the genetic material during cell cycle
progression; and (3) intermediate filaments formed by proteins of different natures with a
purely structural function (Figure 1). The interactions between these three protein struc-
tures allow a single cell to be able (1) to adapt its shape in response to both chemical and
physical-mechanical signals received from the environment, particularly the extracellular
medium; (2) to establish contact with surrounding cells, constituting a cell monolayer;
(3) to move through different tissues; and (4) to promote genetic exchange during the cell
cycle [19,20].

Figure 1. Schematic representation of three main cytoskeletal protein structures. Actin filaments
are responsible for shape and movement of cells; Microtubules’ function is essential for cell cycle
progression; intermediate filaments exert a structural function in cytoskeletal architecture.
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Cytoskeletal homeostasis is under intense and tight regulation at both transcriptional
and post-transcriptional levels, triggering cytoskeleton remodeling and turnover of cy-
toskeletal structures. Transcriptional regulation involves activation and inactivation of
conserved gene pathways such as RHO GTPases /Rho or Wnt/β-catenin signaling, while
post-transcriptional regulation modulates the processing of several genes of these path-
ways [21,22]. In most cases, loss of cytoskeletal homeostasis leads to pro-environmental
disease as a consequence of the mis-regulation of cell cycle progression, the location of cell
organelles, cell–cell junction integrity, increased ROS and ER stress levels, and disestab-
lishment of the vesicular traffic and cell shape. As result, many pathological processes are
triggered. For example, several reports have highlighted dysregulation of cytoskeleton
architecture as a pivotal hallmark in cancer [23]. Loss of cell–cell junctions by cytoskeletal
alterations is required for malignant cells to be able to metastasize and induce migra-
tion and invasiveness of many tumours, enhancing their aggressiveness. On the other
hand, mis-regulation of actin associated proteins is related to increased ROS levels and
ER stress which aids the progression and survival of several tumours. Furthermore, in-
hibition of cytoskeletal remodeling results in a lower ratio of proliferation and growth
of carcinomas, pinpointing it as a possible therapeutic target [24,25]. Emerging evidence
has pointed out the importance of lncRNAs as modulators of cytoskeletal remodeling
involved in tumorigenesis by several mechanisms, such as settling proteins of cytoskeleton,
modulating their expression, and/or regulating gene signal cascades involved in actin de-
pendent structures [26,27]. Indeed, the expression of most cytoskeletal lncRNAs described
to date displays upregulation in several cancer types and is correlated with enhanced
aggressiveness and poor prognoses in patients (Table 1). In this review, we summarize
actin-cytoskeletal lncRNAs involved in tumorigenesis, highlighting their importance as
oncogenes in migration and metastasis development. Furthermore, the role of lncRNAs
during the modulation of the cytoskeleton is not exclusively found in cancer, as these are
also implicated in other diseases such as atrial fibrillation (AF), as detailed here.

Table 1. Summary of lncRNAs related to cytoskeleton architecture and their impact on tumorigenesis
as well as on other diseases.

Cytoskeletal-lncRNAs Related to Tumorigenesis
lncRNA Target Molecule Function Tissue or Cell Line Reference

LNC-CRYBG3 G-actin Inhibition of F-actin
polymerization
avoiding G-actin
phosphorylation

Lung cancer [28]

CYTOR Golph3, Rhobtb3 and
PKP4

Cytoskeletal
homeostasis and cell
cycle progression

Breast cancer cell line [29]

Gas5 miR-222 Enhance Bmf and
PLXN1 expression
reducing
aggressiveness tumour

U87 and U251 glioma
cell line

[30]

ARST ALDOA Mediate actin fibers
integrity avoiding that
ALDOA can attach to
F-actin binding sites
increasing F-actin
depolymeration

U87 and U251 glioma
cell line

[31]
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Table 1. Cont.

Cytoskeletal-lncRNAs Related to Tumorigenesis
lncRNA Target Molecule Function Tissue or Cell Line Reference

MaTaR25 PURB and Tensin1 Enhance PURB
dependent genes
remodelling
cytoskeleton
architecture and
increasing migration
and spread out of
maligned cells

Breast cancer cell line [32]

DARS-AS1 miR-3002 Sponge miR-3002
enhancing CKAP2
translation and
aggravating the growth
and metastasis of
tumor

Hepatocellular
carcinoma

[33]

UCA1 ZEB1/2 and FSCN1 Increase formation of
actin-dependent cell
filopodia enhancing
metastasis

Bladder carcinoma [34]

Malat1 RhoA, ROCK1 and
ROCK2

Increasing RhoA,
ROCK1, and ROCK2
translation required to
migration and
cytoskeletal
homeostasis

Osteosarcoma [35]

Malat1 miR-1 Sponge miR-1
enhancing Cdc42
translation required to
migration and
cytoskeletal
homeostasis

Breast carcinoma [36]

AFAP1-AS1 RhoA and Rac1 Enhancing progression
and poor prognosis of
nasopharyngeal
carcinoma increasing
capacity of spreading
out

nasopharyngeal
carcinoma

[37]

SchLAH FUS/TLS Repressing cellular
migration and therein
metastasis triggering
downregulation of
RhoA/Rac2 signalling

Lung carcinoma [38]

EWAST1 miR-24-3p Sponge miR-24-3p
enhancing expression
of ROCK1 and
promoting actin stress
fiber formation and
migration

Osteosarcoma [39]

Walras ACTN4 Required to actin
cytoskeleton integrity

Cardiomyocites [40]

TUG1 EZH2 and actin Methylation of α-actin
by EZH2

Vascular smooth
muscle cells

[41]

2. lncRNAs as Cytoskeletal Modulators of Cellular Homeostasis

Alteration of cytoskeletal architecture is involved in the genesis of several diseases
such as cardiovascular diseases (heart failure or atrial fibrillation), neurodegeneration
related diseases (Alzheimer’s disease), and chronic liver diseases (steatohepatitis, copper
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toxicosis, or cholestasis and in different tumors) [42–45]. Many reports have related several
diseases to the dysregulation of cytoskeletal modulator pathways such as Wnt/B-catenin,
RHO GTPases ases/ROCK1-2, ROS system, and UPRs [46–50]. Recently, we have described
in our lab several unknown lncRNAs involved in atrial fibrillation, a highly prevalent
arrhythmogenic cardiac disease. A biotinylated pull-down assay of Walras followed
by mass spectrometry analysis demonstrated interactions between several cytoskeletal
proteins such as MYH9, ACTN4, TLN-1, or RhoA. Validation analysis confirmed physical
binding between Walras and ACTN4 suggesting a possible cytoskeletal role. Functional
knockdown of Walras by siRNA translated into reduced atrial cardiomyocyte cell size and
impaired actin fiber distribution that resulted in loss of cell–cell contact, demonstrating a
pivotal role of Walras in cytoskeletal homeostasis [28] (Figure 2A).

Figure 2. Schematic representation of cytoskeletal lncRNAs involved in cellular homeostasis.
(A) Walras is required for the integrity of actin fibers in cardiomyocytes. (B) TUG1 modulates
methylation of α-actin by EZH2 and therein is required for the formation of the cortex cytoskeleton.

Another example of cytoskeletal lncRNA was provided by Chen et al. (2017). They
demonstrated a pivotal role of taurine upregulated gene 1 (TUG1) in cortex cytoskeleton
formation of vascular smooth muscle cells (VSMCs). TUG-1 is required for the correct
assembly of EZH2 and the α-actin complex, participating on it. Downregulation of TUG1
has revealed that impaired expression of TUG1 triggers the breakdown of EZH2-α-actin
interaction, leading to accelerated depolymerization of F-actin in VSMCs. Curiously, EZH2
mediated methyltransferase action upon α-actin is necessary for correct lysine-methylation,
and thus the formation of the cortex cytoskeleton [51]. Functional assays have proven
that TUG1 is capable of physically binding to both EZH2 and α-actin, modulating EZH2
methyltransferase activity. Furthermore, methylation of α-actin was inhibited by knock-
down of TUG1. In conclusion, these findings suggested that EZH2-mediated methylation
of α-actin may be dependent on TUG1 and thereby promotes cortex F-actin polymerization
in VSMCs [52] (Figure 2B).

3. lncRNAs Modulators of Actin Filaments and Accessory Proteins in
Cancer Pathogenesis

Actin microfilaments are considered the most dynamic of the three cytoskeletal protein
structures capable of strong structural changes within minutes, determining the shape of a
cell [29]. Under physiological conditions, actin is present in two different configurations:
as a free globular monomeric protein, G-actin, and as a long semi-flexible helical filament,
F-actin, formed by the polymerization and assembly of a multitude of protein units of
G-actin. Originally, the configuration of F-actin requires the formation of dimers or trimers
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of G-actin, a process known as cytoskeleton nucleation that requires the participation of
accessory cytoplasmic proteins such as Arp2/3 factor. Later, F-actin emerges from primed G-
actin dimers or trimers by addition of free cytosol monomeric G-actin in an ATP-dependent
mechanism. Cytosolic G-actin is bound to ADP. In order to polymerize and form F-actin,
phosphorylation of ADP to ATP is required, which is hydrolyzed when it is incorporated
into the emerging filament [53,54]. Curiously, G-actin is polarized, and therefore, F-actin
is polarized as well, with the less dynamic side termed as the negative-end (−) and
highly dynamic positive-end (+) results in a ten times higher polymerization rate than the
(−)—end. Polymeration of G-actin is an ATPase dependent process, (+)—and (−)—ends
can also be distinguished by their ATP/ADP status, being (+)—end, which contains higher
amounts of ATP bound actin while the (−)—end contains more ADP bound actin [55].
Modulation of assembly and disassembly of actin filaments is one of the first phenotypic
effects displayed by cancer cells. Cytoskeletal reorganization allows malignant cells to move
through tissues and colonize new tissue niches leading to metastasis and a considerable
increase in tumor aggressiveness [56,57]. Furthermore, tumor growth requires intense cell
division that is translated into a higher proliferation rate. Interestingly, actin filaments
are also required for cell cycle progression forming the cytokinesis ring that separates the
original cell into two daughter cells [58]. Cytoskeleton homeostasis and remodeling requires
a multitude of protein factors such as Formin like 1 (FMNL1) and Arp2/3 (polymerization
factors), Cofilin (CFL-1) and Profilin (PFN1) (regulators of ADP-G-actin addition to forming
filament), F-actin and α-actin (cross linker factors), or Cdc42, RhoA, Rac1, and RHOCK
(signaling molecules involved into cytoskeletal remodeling) [59]. Recently, the impact of the
non-coding genome in cancer related actin-cytoskeleton architecture has been demonstrated.
As a consequence, many reports have pointed out the relevance of microRNAs and lncRNAs
as modulators of actin filaments promoting or inhibiting the proliferation, migration, and
invasion of malignant cells in several carcinomas (Figure 2) [16,60].

An example of the most direct interaction of lncRNA-actin filament in a cancer context
has been provided by Pei et al. (2018) [61], which described a new lncRNA, named LNC
CRYBG3, involved in the formation of the cytokinesis ring during cell cycle division. Deep
sequencing techniques during cancer-radiation approach therapies showed upregulation
of LNC CRYBG3 in several lung cancer cell lines, suggesting that it is a radiosensitive
induced lncRNA. Functional assays demonstrated that LNC CRYBG3 binds directly to
monomeric G-actin preventing it from polymerizing into F-actin (Figure 3A). Inhibition of
F-actin polymerization by LNC CRYBG3 inhibits the formation of contractile ring during
cytokinesis, and therein incomplete cytoplasmic division is observed. Expression analysis
of LNC CRYBG3 during the cell cycle showed a correlation with the different cell cycle
stages, exhibiting highest expression in G0/G1 phase and lowest in M phase. Curiously,
F/G actin ratio is lowest in the G0/G1 phase and highest in both the G2/M and M phases.
As result of impaired cellular cytokinesis, over-expressed LNC CRYBG3 lung cancer cell
lines display an arrest cell cycle in G2/M phase, resulting in increased apoptosis and
reduced cellular proliferation, migration, and invasion, pointing out the importance of
LNC CRYBG3 as a tumor suppressor lncRNA. In order to explore the functional impact in
different radiosensitive therapeutic approaches, in vivo assays should be performed [61].

LNC CRYBG3 is not the only example of lncRNA involvement in cell cycle progression
by modulation of cytoskeletal actin dynamics. Grembergem et al. (2016) showed that breast
cancer cell lines require upregulation of a long non-coding RNA cytoskeleton regulator
RNA (CYTOR), previously annotated as LINC000152, to increase cellular proliferation
and to promote the transition between the G2/M phase in malignant cells. Functional
assays have demonstrated that downregulation of CYTOR leads to the repression of several
proteins involved in cytoskeletal homeostasis such as Golph3, Rhobtb3, and plakophilin4,
which in turn leads to the failure of actin filament remodeling. Furthermore, Golph3 is
essential to cytoskeletal molecular pathway activation such as in mTOR while PKP4 is
recognized as a structural protein in cell–cell and cell–matrix binding [62,63]. As a result of
an impaired cytoskeletal configuration, CYTOR knockout cells exhibit a reduction in both
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their cell size and cellular periphery along with a lower ratio of proliferation and increased
apoptosis. Curiously, the upregulated expression of CYTOR has been reported not only
in vitro models but also in patients with several breast cancer classes such as HER2 or triple
negative carcinomas subtypes [64]. Moreover, emerging evidence has pointed out that
CYTOR is not a breast cancer specific lncRNA, showing upregulated expression in several
other types of cancer such as nasopharyngeal, gastric, colon, or hepatocellular carcinoma
and also correlating with poor prognoses and increased aggressiveness [30,31,65–68].

Figure 3. Schematic representation of several mechanisms related to cytoskeletal lncRNAs
function: (A) blocking phosphorylation of G-actin mediated by Lnc-CRYBG3; (B) sponge
GAS5-miR 222 enhances Bmf and Plexin1 translation leading to a reduced cellular proliferation and
migration ratio; (C) ARST binds to ALDOA avoiding its interaction with F-actin, and in turn, Cofilin-1
binds to F-actin filament increasing the disassembly ratio; (D) MaTaR25-PURB complex is required
for correct expression of Tensin1, which in turn increases proliferation and migration of glioma cells;
(E) DARS-AS1 increases expression of CKAP2, which in turn represses FAK and ERK expression;
(F) sponge UCA1-miR-145 enhances FSCN1, ZEB1/ZEB2 translation leading to filopodia formation
and increasing EMT process.
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Cytoskeletal dynamics require the participation of several modulating factors which
regulate G-actin assembly and de-assembly to form filaments. Among the modulators
reported, those in the actin depolymerizing factor (ADF)/cofilin protein family are essential
for actin dynamics, cell division, chemotaxis, and tumor metastasis. CFL-1 is a primary non-
muscle isoform of the ADF/cofilin protein family accelerating the actin filament turnover
in vitro and in vivo [69]. Interestingly, expression of Cofilin-1 is upregulated in early steps
of several carcinomas. Loss-of function assays performed in different cancer cell lines
have demonstrated the importance of this protein in promoting proliferation, invasion,
and migration of malignant cells; however, it does not seem to have an effect on tumor
size [70–72]. Functional assays have led to clarify that defects in cell proliferation are a
consequence of G1 phase arrest during cell cycle while reduction in metastasis potential is
a response to lamepodia disruption. Since the pivotal role of Cofilin-1 as an oncogene, the
search for a molecular pathway modulating its expression has become a priority [73,74].

Recently, two lncRNAs have been identified as modulators of Cofilin-1 expression/function
in different types of gliomas–Growth Arrest-Specific 5 (Gas5) and Aldoa repressor specify tran-
script (ARST) [75,76]. Curiously, the expressions of both are downregulated in glioma tissues of
different grades and glioma cell lines. Zhao et al. (2015) [75] demonstrated that Gas5 repressed
miR-222 expression in glioma cell lines, acting as a competitive endogenous lncRNA (ceRNA)
(Figure 3B). Of note, miR-222 is a well-known inducer of proliferation and migration in several
carcinomas, including glioma [32,77,78]. Binding of Gas5-miR-222 results in promoting expres-
sion of two pivotal protective factors, Bcl-2 modifying factor (Bmf) and Plexin C1 (PLXN1),
which are direct targets of miR-222. While Bmf is required for the expression of several apoptotic
genes such as Bcl-2 or Bax, Plexin 1 is a key repressor of Cofilin-1 activation by modulating
its phosphorylation state [79–81]. As a consequence of Bcl2 and Bax upregulation and an
increased intracellular inactive cofilin-1 pool, Gas5 over-expression in U87 and U251 glioma
cell lines is translated into a lower ratio of proliferation and migration and enhanced cellular
apoptosis, suggesting that Gas5 can negatively modulate glioma aggressiveness by altering the
miR-222/Bmf/PLXN1 axis [75].

Unlike Gas5, ARST does not affect Cofilin-1 mRNA and/or protein expression levels
but modulates functional binding of Cofilin-1 to F-actin (Figure 3C). Gain and loss of func-
tion assays demonstrated that ARST mediates actin fibers integrity by directly interacting
with ALDOA protein preventing it from attaching to F-actin binding sites, which in turn are
occupied by Cofilin-1. As a result, dynamic balance between polymerization, enhanced by
ALDOA and depolymerization exerted by cofilin-1, is disrupted, displaying a higher rate
of F-actin disassembly. In support of the altered balance of cytoskeleton remodeling, ARST
overexpressed U87 and U251 glioma cell lines exhibit obvious morphological changes
losing dendrite-like shape by disruption of actin stress fibers. Furthermore, ARST upreg-
ulation leads to the inhibition of malignant phenotypes of glioma cells, reducing cellular
proliferation and tumor size and enhancing cellular apoptosis [76]. Taking into account
results described above both Gas5 and ARST can be defined as tumor suppressive lncRNAs,
suggesting a possible therapeutic use of them to target cofilin-1 expression and/or function
in gliomas.

Cells are usually surrounded by an extracellular matrix (ECM), and adhesion of the
cells to the ECM is a pivotal step in their migration process [33,34,82,83]. Integrins are
important receptors for the ECM and together with other proteins such as talin, paxillin, or
focal adhesion kinase constitute cytoskeletal structure assembly terms as focal adhesions
(FAs). Stabilizing this type of contact between cells and the extracellular matrix requires
the participation of actin filaments which are linked to FA through several filamentous
proteins, such as vinculin or Tensin1 (TSN1) [84]. Formation and disassembly of FAs is
dynamically regulated during cell migration. Curiously, turnover of polymerization and
depolymerization of FAs is increased in several carcinomas since it is required for the
movements of maligned cells through different tissues leading to metastasis and enhanced
tumor aggressiveness [85]. However, the molecular events underlying the dynamics of
FA assembly are less well understood. Emerging insights have revealed a pivotal role of
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lncRNAs as modulators of “dynamics of FAs”, promoting metastasis of maligned cells in
different tumors such as breast or hepatocellular carcinomas.

Chang et al. (2021) [86] described an unknown mouse lncRNA named Mammary Tu-
mor Associated RNA 25 (MaTAR25), a nuclear enriched and chromatin associated lncRNA,
which it is upregulated in different breast cancers including luminal, triple negative, and
HER2 subtypes [86]. Mechanistically, MaTAR25 physically interacts at a nuclear level with
PURB, a purine rich element binding protein, which in turn promotes the expression of
several factors involved in cytoskeleton architecture [87] (Figure 3D). Curiously, binding of
MaTAR25-PURB is required for proper transcription of PURB-dependent genes. Among
them, Tensin1 stands out, as a critical component in focal adhesions allowing connection
and contact between extracellular matrix and actin filaments. High levels of Tensin1 have
been positively correlated both in cell migration and invasion of different carcinomas.
Furthermore, repression of Tensin1 expression is translated into impaired cell–cell and
cell–matrix linking [88,89]. Knockout MaTAR25 in 4t1 cell line results in lower viability,
migration, and cellular invasion accompanied by Tensin1 downregulation, suggesting that
its expression is modulated in trans by MaTAR25. As results of repression of Tensin1,
MaTAR25 knockout cells exhibit a disruption of actin filaments integrity and failure of focal
adhesion formation. Interestingly, subcutaneous injection with antisense oligonucleotides
(ASOs) against MaTAR25 reduces tumor growth in vivo, pointing out a possible therapeutic
target of breast cancer. Comparative homology analysis has identified lncRNA LINC01271
(hMaTAR25) as a human orthologue of MaTAR25. To explore whether LINC01271 and
MatTAR25 shared the same oncogene function in breast cancer, functional assays in vitro
were performed demonstrating that the downregulation of LINC01271 results in lower
ratio of cell viability similar to that the observed in MaTAR25 downregulation, suggesting
that it may play a role in human breast cancer progression, and thus, it could be considered
as a promising diagnostic and/or therapeutic target [86].

Several gene pathways have been related to focal adhesion establishment, and their
deregulation is reported in several tumors. Extensive sequence transcriptome analysis
performed in samples of hepatocellular carcinoma have identified DARS-AS1 as onco-
gene positively modulating the expression of Cytoskeleton associated protein 2 (CKAP2),
which in turn promotes the expression of two pivotal pathways required for remodeling
cytoskeleton derived focal adhesions, focal adhesion kinase (Fak) and extracellular signal-
regulated kinases (ERK) [90,91]. Functional assays have demonstrated that DARS-AS1 act
as sponge-lncRNA binding to miR-3002 which exert a protective role against HHC targeting
of CKAP2 3′UTR and reducing cellular proliferation and migration [92] (Figure 3E).

The dynamic movement of malignant cells through different tissues is related to
the emission of cytoplasmic projections resulting in the reorganization of actin filaments
based on the cell surface. Interestingly, the ratio of cellular protrusions determinates the
migratory and invasive abilities of malignant cells [33]. Long non-coding RNA urothelial
cancer-associated 1 (UCA1) has been reported as an upregulated oncogene factor in bladder
cancer, positively modulating the formation of actin-dependent cell protrusions, proving to
be essential in the dynamics of filopodia and therein in the promotion of migration and
invasion of bladder cancer cell [93]. Similar to DARS-AS1, UCA acts as sponge-lncRNA
binding itself to miR-145 (Figure 3F). The seed sequence of miR-145 is capable to recognize
the 3′UTR of actin-binding protein fascin homologue 1- FSCN1 triggering its mRNA
degradation. Downregulation of FSCN1 expression results in impaired and non-functional
shorter filopodia around the cell surface [94]. Moreover, miR-145 binds itself to 3′UTR of
ZEB1/ZEB2 proteins, known EMT inductors. In line with miR-145 sponging by UCA1,
over-expression of it leads to the upregulation of FSCN1 and ZEB1/ZEB2 factors promoting
bladder cancer development by induction of EMT process and increasing the invasiveness
potential [95,96]. Evenly, knockout UCA1 bladder cell lines displayed a reduction of cellular
periphery and diminished the capacity of maligned cells to spread out through other tissues
and therein metastasize, suggesting that UCA1 can be used as potential therapeutic target
in bladder cancer prognosis [93].
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4. lncRNAs as Modulators of Rho/ROCK Signaling in Tumorigenesis

Cytoskeletal remodeling is subject to the activity of several receptor proteins on the
surface of the cell, which in turn trigger the activation or repression of different intracel-
lular signal cascades involved in cytoskeleton dynamics and turnover of actin dependent
structures. Broadly, the RHO GTPases family acts as nexus between signals that come from
transmembrane protein receptors and different modulators of cytoskeletal architecture
(Figure 4A). Curiously, RHO GTPases dependent intracellular signal cascades regulate
the formation of lamellipodia, filopodia, and invadopodia and the release of extracellular
matrix metalloproteinases (MMPs) and therein modulate the ability of cells to move and
spread out through different tissues [97,98]. Among RHO GTPases family members, three
of them have been widely described as pivotal factors in cytoskeletal biology: Rho (RhoA,
RhoB, and RhoC), Rac (Rac1, Rac2, and Rac3), and cell division cycle 42 (Cdc42) [99,100].
Rho aggregates actin and myosin to form stress fibers and focal adhesion complex assembly.
RhoA and RhoC are present in the cytoplasm, which are activated, while RhoB is found in
forming endosomes and at the cellular membrane [101]. RhoA exerts a pivotal function
in cytoskeleton derived structures regulating generation of actin-myosin bundles, stress
fibers, focal adhesions, and lamellipodia [102–106]. Unlike RhoA, RhoB and RhoC mod-
ulate intracellular vesicles formation and endocytosis by participating on endosome and
phagosome establishment, respectively, through actin cytoskeletal remodeling [107,108].
Similar to RhoA, Rac members are related to cellular protrusion formation [109,110]. Mainly,
Rac1 is a critical factor for the formation of lamellipodia and invadopodia, while Rac3 is
required for integrating the adhesion of invadopodia to the extracellular matrix (ECM)
to allow it to degrade the ECM [111–113]. Rac2 exhibits a structural function modulating
the cell adhesion to intercellular adhesion molecule-1 (ICAM-1) [114]. Finally, Cdc42 is
an activator of filopodia formation, increasing cell migration and invasiveness potential
of malignant cells [115–117]. Moreover, Cdc42 is described as critical kinase involved in
the regulation of the balance between cellular proliferation and differentiation in several
pathological contexts, including carcinomas [35,36]. RHO GTPases members modulate by
downstream activation of ROCK proteins. ROCK family includes two members, ROCK1
and ROCK2 [118]. ROCK1 plays a key role in the formation of stress fibers, and it is mainly
responsible for rigidity-dependent invadopodia activity through actomyosin contractil-
ity [39]. ROCK2 is important for the phagocytosis, cell contraction, and stabilizing of the
cytoskeleton [37,38,119]. Intracellular signals mediated by Rho GTPases and ROCK1/2 are
responsible of development and balance of formation of lamellipodia, filopodia, and in-
vadopodia, and these signals promote the degradation of the extracellular matrix [39,120].
Underling layer regulation of Rho/ROCK signaling involves several modulators, including
non-coding transcripts as microRNAs and/or lncRNAs [121,122]. lncRNAs have demon-
strated their importance as effectors of actin cytoskeletal architecture not only by directly
interacting with actin or accessory proteins but also by regulating several pathways related
to F-actin remodeling such as Rho/ROCK signaling (Figure 3).

Regulation of Rho/ROCK signaling by metastasis-associated lung adenocarcinoma
transcript 1 (Malat1) has been described in both osteosarcoma and breast cancer [123,124].
Loss of function assays have demonstrated that the downregulation of Malat1 leads to
a similar cancer phenotype, displaying a lower ratio of proliferation and migration and
delayed tumor growth accompanied by disruption of actin stress fibers and increasing
apoptosis in both tumors. In line with similar phenotype observed in both tumors, Malat1
is highly upregulated in them, suggesting that it promotes tumorigenesis. Curiously,
Malat1 exerts oncogene function by different mechanisms depending on cancer type. Cai
et al. (2015) [123] showed that Malat1 is required for correct expression of three pivotal
factors of Rho/ROCK signaling, RhoA, ROCK1, and ROCK2 in osteosarcoma cell lines and
downregulation of Malat1 is translated into disruption of their protein levels. However,
the molecular mechanisms responsible for modulation of RhoA, ROCK 1, and ROCK2 by
Malat1 remains unknown [123]. By contrast, Malat1 oncogene function in breast cancer
resulted in upregulation of Cdc42 by targeting and binding miR-1, which is capable of
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recognizing the Cdc42 3′UTR and triggering its mRNA degradation. Removal of miR-1 by
Malat1 promotes upregulation of Cdc42 protein levels, leading to filopodia formation and
therein increased migration and invasiveness of breast maligned cells [124] (Figure 4B).

Figure 4. Schematic representation of lncRNAs involved in Rho/ROCK signaling: (A) pathways
mediated by Rho/ROCK signaling; (B) Malat1 increases RhoA, ROCK1, and ROCK2 expression in
osteosarcoma progression while acting as sponge by binding to miR-1, leading to Cdc42 translation
in breast cancer; (C) SchLAH represses RhoA and Rac1 interacting with Fus; (D) EWSAT1 enhances
ROCK1 translation by avoiding that miR-23-3p recognizes ROCK1 3′UTR.

The molecular function of Rho and Rac members is required for correct actin remod-
eling in several carcinomas [40,125]. Two lncRNAs, AFAP1-AS1 and SchLAh, have been
reported as pivotal regulators of RhoA-Rac1/2 signaling. Bo et al. (2015) [41] demon-
strated a pivotal role of Actin filament associated protein 1 antisense RNA1 (AFAP1-AS1)
enhancing progression and poor prognoses of nasopharyngeal carcinoma. Downregulation
of AFAP1-AS1 is capable of reducing the ability of malignant cells to promote metasta-
sis by triggering loss of integrity of actin filaments accompanied of low rate of cellular
migration [41]. Unlike AFAP1-AS1, SchLAH have been described as protective lncRNA
in hepatocellular carcinoma. Upregulation of SchLAH is capable of repressing cellular
migration and therein metastasis both in vitro and in vivo in lung tissues and HHC cell
lines. Likewise, downregulation of SchLAH by siRNAs enhances the ability of HCC cells to
migrate. Mechanistically, SchLAH physically interacts with Fused in sarcoma/translocated
in liposarcoma (FUS/TLS or FUS), a multifunctional DNA/RNA-binding protein. As result
of binding of SchLAH-FUS, several gene pathways are downregulated including failure ex-
pression of RhoA and Rac1 which are required to promote cellular invasion potential [126].
Interestingly, the maternally expressed 3 (MEG3) acts as protective lncRNA inhibiting the
migration and metastasis of thyroid carcinoma by repression of Rac1 [127] (Figure 4C).

ROCK proteins constitute pivotal effectors downstream of RHO GTPases signals and
disruption of their expression leads to failure of RHO GTPases dependent cytoskeleton
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remodeling [128]. Recently, long non-coding RNA Ewing sarcoma-associated transcript
1 (EWSAT1) has been described as inductor of osteosarcoma (OS) exerting its function like
an sponge-lncRNA by binding to miR-24-3p which in turn recognizes ROCK1 3′UTR and
represses its translation. EWAST1-miR-24-3p complex results in upregulation of ROCK1
promoting actin stress fiber formation and migration. Furthermore, EWSAT1 expression is
upregulated in OS and increased EWSAT1 expression is correlated with poor prognosis in
OS patients [129] (Figure 4D).

5. Conclusions and Future Perspectives

The analysis of the human transcriptome has made possible to elucidate the impor-
tance of the non-coding genome in the regulation of multiple diseases such as cancer.
Interestingly, tumorigenesis requires remodeling of the cytoskeleton, and thereafter, ma-
lignant cells can migrate and disperse through the organism, colonizing other tissues in
a process term metastasis, which promotes the aggressiveness of cancer and therefore is
correlated with a poor diagnosis of disease. The regulatory potential of lncRNAs has been
described in all cellular processes including the modulation of the cytoskeletal architecture
by regulating both structural cytoskeletal proteins and the signaling pathways that trigger
the formation of actin-dependent structures. Several reports have highlighted the impor-
tance of lncRNAs as oncogenes in multiple carcinomas suggesting their pivotal role in the
necessary remodeling of the cytoskeleton that leads to metastasis. Furthermore, knockout
of most lncRNAs involved in cytoskeletal homeostasis leads to loss of ability to spread
out and lower proliferation and survival rate pinpointing that lncRNAs can be considered
as potential therapeutic targets against several carcinomas. Curiously, just a few cases of
lncRNAs have been reported as regulators of cell–cell interactions in other contexts such
as atrial fibrillation or even in non-pathological processes, demonstrating the importance
of lncRNAs in cytoskeletal homeostasis. Given the relevance of cytoskeletal lncRNAs as
modulators of migration and cell cycle regulation described above, it would be interesting
to analyze their role during embryonic development since this complex process requires a
tight and precise migration of different cell subpopulations. Failure of proper cell migration
during embryonic development would result in malformation of the embryo and thus in
many cases in congenital diseases that ultimately might lead to embryonic death.

Author Contributions: Conceptualization, C.G.-P. and C.L.-S.; writing—original draft preparation,
C.G.-P. and C.L.-S.; writing—review and editing, C.G.-P., M.d.M.M.-G., E.L.-V., J.M.C.-C., S.C.-C.,
V.G.-L., A.A., D.F., V.G.-M., and C.L.-S.; visualization, C.G.-P., M.d.M.M.-G., E.L.-V., J.M.C.-C., S.C.-C.,
V.G.-L., A.A., D.F., V.G.-M., and C.L.-S.; supervision, D.F., V.G.-M., and C.L.-S.; project administration,
V.G.-M. and C.L.-S.; funding acquisition, C.L.-S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financed with research grants IB18123 (to C.L.-S.) and GR21174 (to V.G.-M.,
CTS005) from the Junta de Extremadura, with FEDER as a co-financier.

Acknowledgments: We would like to thank Cheyenne America Bair critical reading of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Elkon, R.; Agami, R. Characterization of noncoding regulatory DNA in the human genome. Nat. Biotechnol. 2017, 35, 732–746.

[CrossRef] [PubMed]
2. García-Padilla, C.; Dueñas, Á.; García-López, V.; Aránega, A.; Franco, D.; Garcia-Martínez, V.; López-Sánchez, C. Molecular

Mechanisms of lncRNAs in the Dependent Regulation of Cancer and Their Potential Therapeutic Use. Int. J. Mol. Sci. 2022, 23, 764.
[CrossRef] [PubMed]

3. Garcia-Padilla, C.; Dueñas, A.; Franco, D.; Garcia-Lopez, V.; Aranega, A.; Garcia-Martinez, V.; Lopez-Sanchez, C. Dynamic
MicroRNA Expression Profiles during Embryonic Development Provide Novel Insights Into Cardiac Sinus Venosus/Inflow Tract
Differentiation. Front. Cell Dev. Biol. 2022, 9, 767954. [CrossRef] [PubMed]

4. Derrien, T.; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martin, D.; Merkel, A.; Knowles, D.G.; et al.
The GENCODE v7 Catalog of Human Long Noncoding RNAs: Analysis of Their Gene Structure, Evolution, and Expression.
Genome Res. 2012, 22, 1775–1789. [CrossRef]

http://doi.org/10.1038/nbt.3863
http://www.ncbi.nlm.nih.gov/pubmed/28787426
http://doi.org/10.3390/ijms23020764
http://www.ncbi.nlm.nih.gov/pubmed/35054945
http://doi.org/10.3389/fcell.2021.767954
http://www.ncbi.nlm.nih.gov/pubmed/35087828
http://doi.org/10.1101/gr.132159.111


Non-Coding RNA 2022, 8, 28 13 of 17

5. De Hoon, M.; Shin, J.W.; Carninci, P. Paradigm shifts in genomics through the FANTOM projects. Mamm. Genome 2015, 26,
391–402. [CrossRef]

6. Ramilowski, J.A.; Yip, C.W.; Agrawal, S.; Chang, J.-C.; Ciani, Y.; Kulakovskiy, I.V.; Mendez, M.; Ooi, J.L.C.; Ouyang, J.F.;
Parkinson, N.; et al. Functional annotation of human long noncoding RNAs via molecular phenotyping. Genome Res. 2020, 30,
1060–1072. [CrossRef]

7. Engreitz, J.M.; Haines, J.E.; Perez, E.; Munson, G.; Chen, J.; Kane, M.; McDonel, P.E.; Guttman, M.; Lander, E.S. Local regulation of
gene expression by lncRNA promoters, transcription and splicing. Nature 2016, 539, 452–455. [CrossRef]

8. Guttman, M.; Amit, I.; Garber, M.; French, C.; Lin, M.F.; Feldser, D.; Huarte, M.; Zuk, O.; Carey, B.W.; Cassady, J.P.; et al.
Chromatin signature reveals over a thousand highly conserved large non-coding RNAs in mammals. Nature 2009, 458, 223–227.
[CrossRef]

9. Quinn, J.J.; Chang, H.Y. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 2016, 17, 47–62.
[CrossRef]

10. Rackham, O.; Shearwood, A.-M.J.; Mercer, T.R.; Davies, S.M.; Mattick, J.S.; Filipovska, A. Long noncoding RNAs are generated
from the mitochondrial genome and regulated by nuclear-encoded proteins. RNA 2011, 17, 2085–2093. [CrossRef]

11. Bridges, M.C.; Daulagala, A.C.; Kourtidis, A. LNCcation: lncRNA localization and function. J. Cell Biol. 2021, 220, 202009045.
[CrossRef] [PubMed]

12. Noh, J.H.; Kim, K.M.; McClusky, W.G.; Abdelmohsen, K.; Gorospe, M. Cytoplasmic functions of long noncoding RNAs.
Wiley Interdiscip. Rev. RNA 2018, 9, e1471. [CrossRef] [PubMed]

13. Guh, C.-Y.; Hsieh, Y.-H.; Chu, H.-P. Functions and properties of nuclear lncRNAs-from systematically mapping the interactomes
of lncRNAs. J. Biomed. Sci. 2020, 27, 1–14. [CrossRef] [PubMed]

14. Xu, Y.; Wang, H.; Li, F.; Heindl, L.M.; He, X.; Yu, J.; Yang, J.; Ge, S.; Ruan, J.; Jia, R.; et al. Long Non-coding RNA LINC-PINT
Suppresses Cell Proliferation and Migration of Melanoma via Recruiting EZH2. Front. Cell Dev. Biol. 2019, 7, 350. [CrossRef]
[PubMed]

15. Ju, C.; Liu, R.; Zhang, Y.-W.; Zhang, Y.; Zhou, R.; Sun, J.; Lv, X.-B.; Zhang, Z. Mesenchymal stem cell-associated lncRNA in
osteogenic differentiation. Biomed. Pharmacother. 2019, 115, 108912. [CrossRef]

16. Tang, Y.; He, Y.; Zhang, P.; Wang, J.; Fan, C.; Yang, L.; Xiong, F.; Zhang, S.; Gong, Z.; Nie, S.; et al. lncRNAs regulate the
cytoskeleton and related Rho/ROCK signaling in cancer metastasis. Mol. Cancer 2018, 17, 1–10. [CrossRef]

17. Peng, W.-X.; Koirala, P.; Mo, Y.-Y. LncRNA-mediated regulation of cell signaling in cancer. Oncogene 2017, 36, 5661–5667.
[CrossRef]

18. García-Padilla, C.; Lozano-Velasco, E.; López-Sánchez, C.; Garcia-Martínez, V.; Aranega, A.; Franco, D. Non-Coding RNAs in
Retinoic Acid as Differentiation and Disease Drivers. Non-Coding RNA 2021, 7, 13. [CrossRef]

19. Rotty, J.D.; Bear, J.E. Competition and collaboration between different actin assembly pathways allows for homeostatic control of
the actin cytoskeleton. BioArchitecture 2015, 5, 27–34. [CrossRef]

20. Hohmann, T.; Dehghani, F. The Cytoskeleton—A Complex Interacting Meshwork. Cells 2019, 8, 362. [CrossRef]
21. Lee, J.; Lee, P.; Wu, X. Molecular and cytoskeletal regulations in epidermal development. Semin. Cell Dev. Biol. 2017, 69, 18–25.

[CrossRef] [PubMed]
22. Stradal, T.E.B.; Pusch, R.; Kliche, S. Molecular Regulation of Cytoskeletal Rearrangements During T Cell Signalling. Results Probl.

Cell Differ. 2006, 43, 219–244. [CrossRef] [PubMed]
23. Lens, S.M.A.; Medema, R.H. Cytokinesis defects and cancer. Nat. Rev. Cancer 2018, 19, 32–45. [CrossRef]
24. Seetharaman, S.; Etienne-Manneville, S. Cytoskeletal Crosstalk in Cell Migration. Trends Cell Biol. 2020, 30, 720–735. [CrossRef]

[PubMed]
25. Aseervatham, J. Cytoskeletal Remodeling in Cancer. Biology 2020, 9, 385. [CrossRef]
26. Aillaud, M.; Schulte, L.N. Emerging Roles of Long Noncoding RNAs in the Cytoplasmic Milieu. Non-Coding RNA 2020, 6, 44.

[CrossRef]
27. Ma, X.; Dang, Y.; Shao, X.; Chen, X.; Wu, F.; Li, Y. Ubiquitination and Long Non-coding RNAs Regulate Actin Cytoskeleton

Regulators in Cancer Progression. Int. J. Mol. Sci. 2019, 20, 2997. [CrossRef]
28. García-Padilla, C.; Domínguez, J.N.; Lodde, V.; Munk, R.; Abdelmohsen, K.; Gorospe, M.; Jiménez-Sábado, V.; Ginel, A.; Hove-

Madsen, L.; Aránega, A.E.; et al. Identification of atrial-enriched lncRNA Walras linked to cardiomyocyte cytoarchitecture and
atrial fibrillation. FASEB J. 2021, 36, e22051. [CrossRef]

29. Wen, Q.; Janmey, P.A. Polymer physics of the cytoskeleton. Curr. Opin. Solid State Mater. Sci. 2011, 15, 177–182. [CrossRef]
30. Wang, G.; Zhang, L.; Shen, H.; Hao, Q.; Fu, S.; Liu, X. Up-regulation of long non-coding RNA CYTOR induced by icariin promotes

the viability and inhibits the apoptosis of chondrocytes. BMC Complement. Med. Ther. 2021, 21, 152. [CrossRef]
31. Liang, J.; Wei, X.; Liu, Z.; Cao, D.; Tang, Y.; Zou, Z.; Zhou, C.; Lu, Y. Long noncoding RNA CYTOR in cancer: A TCGA data

review. Clin. Chim. Acta 2018, 483, 227–233. [CrossRef] [PubMed]
32. Hinds, M.; Smits, C.; Fredericks-Short, R.; Risk, J.M.; Bailey, M.; Huang, D.; Day, C. Bim, Bad and Bmf: Intrinsically unstructured

BH3-only proteins that undergo a localized conformational change upon binding to prosurvival Bcl-2 targets. Cell Death Differ.
2007, 14, 128–136. [CrossRef] [PubMed]

33. Nallanthighal, S.; Heiserman, J.P.; Cheon, D.-J. The Role of the Extracellular Matrix in Cancer Stemness. Front. Cell Dev. Biol. 2019,
7, 86. [CrossRef] [PubMed]

http://doi.org/10.1007/s00335-015-9593-8
http://doi.org/10.1101/gr.254219.119
http://doi.org/10.1038/nature20149
http://doi.org/10.1038/nature07672
http://doi.org/10.1038/nrg.2015.10
http://doi.org/10.1261/rna.029405.111
http://doi.org/10.1083/jcb.202009045
http://www.ncbi.nlm.nih.gov/pubmed/33464299
http://doi.org/10.1002/wrna.1471
http://www.ncbi.nlm.nih.gov/pubmed/29516680
http://doi.org/10.1186/s12929-020-00640-3
http://www.ncbi.nlm.nih.gov/pubmed/32183863
http://doi.org/10.3389/fcell.2019.00350
http://www.ncbi.nlm.nih.gov/pubmed/31921860
http://doi.org/10.1016/j.biopha.2019.108912
http://doi.org/10.1186/s12943-018-0825-x
http://doi.org/10.1038/onc.2017.184
http://doi.org/10.3390/ncrna7010013
http://doi.org/10.1080/19490992.2015.1090670
http://doi.org/10.3390/cells8040362
http://doi.org/10.1016/j.semcdb.2017.05.018
http://www.ncbi.nlm.nih.gov/pubmed/28577925
http://doi.org/10.1007/400_022
http://www.ncbi.nlm.nih.gov/pubmed/17068974
http://doi.org/10.1038/s41568-018-0084-6
http://doi.org/10.1016/j.tcb.2020.06.004
http://www.ncbi.nlm.nih.gov/pubmed/32674938
http://doi.org/10.3390/biology9110385
http://doi.org/10.3390/ncrna6040044
http://doi.org/10.3390/ijms20122997
http://doi.org/10.1096/fj.202100844RR
http://doi.org/10.1016/j.cossms.2011.05.002
http://doi.org/10.1186/s12906-021-03322-1
http://doi.org/10.1016/j.cca.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29750962
http://doi.org/10.1038/sj.cdd.4401934
http://www.ncbi.nlm.nih.gov/pubmed/16645638
http://doi.org/10.3389/fcell.2019.00086
http://www.ncbi.nlm.nih.gov/pubmed/31334229


Non-Coding RNA 2022, 8, 28 14 of 17

34. Martínez, P.T.; Navajas, P.L.; Lietha, D. FAK Structure and Regulation by Membrane Interactions and Force in Focal Adhesions.
Biomolecules 2020, 10, 179. [CrossRef]

35. Yuan, Z.; Wei, W. RAB5A promotes the formation of filopodia in pancreatic cancer cells via the activation of cdc42 and β1-integrin.
Biochem. Biophys. Res. Commun. 2021, 535, 54–59. [CrossRef]

36. Du, D.-S.; Yang, X.-Z.; Wang, Q.; Dai, W.-J.; Kuai, W.-X.; Liu, Y.-L.; Chu, D.; Tang, X.-J. Effects of CDC42 on the proliferation and
invasion of gastric cancer cells. Mol. Med. Rep. 2016, 13, 550–554. [CrossRef]

37. Newell-Litwa, K.A.; Badoual, M.; Asmussen, H.; Patel, H.; Whitmore, L.; Horwitz, A.R. ROCK1 and 2 differentially regulate
actomyosin organization to drive cell and synaptic polarity. J. Cell Biol. 2015, 210, 225–242. [CrossRef]

38. Zanin-Zhorov, A.; Blazar, B.R. ROCK2, a critical regulator of immune modulation and fibrosis has emerged as a therapeutic target
in chronic graft-versus-host disease. Clin. Immunol. 2021, 230, 108823. [CrossRef]

39. Julian, L.; Olson, M.F. Rho-associated coiled-coil containing kinases (ROCK): Structure, regulation, and functions. Small GTPases
2014, 5, e29846. [CrossRef]

40. Parri, M.; Chiarugi, P. Rac and Rho GTPases in cancer cell motility control. Cell Commun. Signal. 2010, 8, 23. [CrossRef]
41. Tang, Y.; He, Y.; Shi, L.; Yang, L.; Wang, J.; Lian, Y.; Fan, C.; Zhang, P.; Guo, C.; Zhang, S.; et al. Co-expression of AFAP1-AS1 and

PD-1 predicts poor prognosis in nasopharyngeal carcinoma. Oncotarget 2017, 8, 39001–39011. [CrossRef] [PubMed]
42. Thomas, T.; Advani, T.H.T.A.A. Inflammation in Cardiovascular Disease and Regulation of the Actin Cytoskeleton in Inflammatory

Cells: The Actin Cytoskeleton as a Target. Cardiovasc. Hematol. Agents Med. Chem. 2006, 4, 165–182. [CrossRef] [PubMed]
43. Caporizzo, M.A.; Chen, C.Y.; Prosser, B.L. Cardiac microtubules in health and heart disease. Exp. Biol. Med. 2019, 244, 1255–1272.

[CrossRef] [PubMed]
44. Eira, J.; Silva, C.S.; Sousa, M.; Liz, M.A. The cytoskeleton as a novel therapeutic target for old neurodegenerative disorders.

Prog. Neurobiol. 2016, 141, 61–82. [CrossRef] [PubMed]
45. Zatloukal, K.; Stumptner, C.; Fuchsbichler, A.; Fickert, P.; Lackner, C.; Trauner, M.; Denk, H. The keratin cytoskeleton in liver

diseases. J. Pathol. 2004, 204, 367–376. [CrossRef]
46. Akiyama, T.; Kawasaki, Y. Wnt signalling and the actin cytoskeleton. Oncogene 2006, 25, 7538–7544. [CrossRef]
47. Galli, C.; Piemontese, M.; Lumetti, S.; Ravanetti, F.; Macaluso, G.; Passeri, G. Actin cytoskeleton controls activation of Wnt/β-

catenin signaling in mesenchymal cells on implant surfaces with different topographies. Acta Biomater. 2012, 8, 2963–2968.
[CrossRef]

48. Wang, Q.; Symes, A.J.; Kane, C.A.; Freeman, A.; Nariculam, J.; Munson, P.; Thrasivoulou, C.; Masters, J.R.W.; Ahmed, A. A Novel
Role for Wnt/Ca2+ Signaling in Actin Cytoskeleton Remodeling and Cell Motility in Prostate Cancer. PLoS ONE 2010, 5, e10456.
[CrossRef]

49. Lorenzon, A.; Calore, M.; Poloni, G.; De Windt, L.J.; Braghetta, P.; Rampazzo, A. Wnt/β-catenin pathway in arrhythmogenic
cardiomyopathy. Oncotarget 2017, 8, 60640–60655. [CrossRef]

50. Lozano-Velasco, E.; Garcia-Padilla, C.; Aránega, A.E.; Franco, D. Genetics of Atrial Fibrilation: In Search of Novel Therapeutic
Targets. Cardiovasc. Hematol. Disord. Drug Targets 2019, 19, 183–194. [CrossRef]

51. Su, I.H.; Dobenecker, M.W.; Dickinson, E.; Oser, M.; Basavaraj, A.; Marqueron, R.; Viale, A.; Reinberg, D.; Wülfing, C.; Tarakhovsky,
A. Polycomb Group Protein Ezh2 Controls Actin Polymerization and Cell Signaling. Cell 2005, 121, 425–436. [CrossRef] [PubMed]

52. Chen, R.; Kong, P.; Zhang, F.; Shu, Y.-N.; Nie, X.; Dong, L.-H.; Lin, Y.-L.; Xie, X.-L.; Zhao, L.-L.; Zhang, X.-J.; et al. EZH2-mediated
α-actin methylation needs lncRNA TUG1, and promotes the cortex cytoskeleton formation in VSMCs. Gene 2017, 616, 52–57.
[CrossRef] [PubMed]

53. Sept, D.; Xu, J.; Pollard, T.D.; McCammon, J.A. Annealing Accounts for the Length of Actin Filaments Formed by Spontaneous
Polymerization. Biophys. J. 1999, 77, 2911–2919. [CrossRef]

54. Chánez-Paredes, S.; Montoya-García, A.; Schnoor, M. Cellular and pathophysiological consequences of Arp2/3 complex inhibition:
Role of inhibitory proteins and pharmacological compounds. Cell. Mol. Life Sci. 2019, 76, 3349–3361. [CrossRef] [PubMed]

55. Pollard, T.D.; Blanchoin, L.; Mullins, R.D. Molecular Mechanisms Controlling Actin Filament Dynamics in Nonmuscle Cells.
Annu. Rev. Biophys. Biomol. Struct. 2000, 29, 545–576. [CrossRef] [PubMed]

56. Biber, G.; Ben-Shmuel, A.; Sabag, B.; Barda-Saad, M. Actin regulators in cancer progression and metastases: From structure and
function to cytoskeletal dynamics. International Review of Cell and Molecular Biology 2020, 356, 131–196. [CrossRef]

57. Yilmaz, M.; Christofori, G. EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev. 2009, 28, 15–33. [CrossRef]
58. Jones, M.C.; Zha, J.; Humphries, M.J. Connections between the cell cycle, cell adhesion and the cytoskeleton. Philos. Trans. R. Soc.

B Biol. Sci. 2019, 374, 20180227. [CrossRef]
59. Pollard, T.D. Actin and Actin-Binding Proteins. Cold Spring Harb. Perspect. Biol. 2016, 8, a018226. [CrossRef]
60. Uray, K.; Major, E.; Lontay, B. MicroRNA Regulatory Pathways in the Control of the Actin–Myosin Cytoskeleton. Cells 2020, 9, 1649.

[CrossRef]
61. Pei, H.; Hu, W.; Guo, Z.; Chen, H.; Ma, J.; Mao, W.; Li, B.; Wang, A.; Wan, J.; Zhang, J.; et al. Long Noncoding RNA CRYBG3

Blocks Cytokinesis by Directly Binding G-Actin. Cancer Res. 2018, 78, 4563–4572. [CrossRef] [PubMed]
62. Scott, K.L.; Kabbarah, O.; Liang, M.-C.; Ivanova, E.; Anagnostou, V.; Wu, J.; Dhakal, S.; Wu, M.; Chen, S.; Feinberg, T.; et al.

GOLPH3 modulates mTOR signalling and rapamycin sensitivity in cancer. Nature 2009, 459, 1085–1090. [CrossRef] [PubMed]
63. Bass-Zubek, A.E.; Godsel, L.M.; Delmar, M.; Green, K.J. Plakophilins: Multifunctional scaffolds for adhesion and signaling.

Curr. Opin. Cell Biol. 2009, 21, 708–716. [CrossRef]

http://doi.org/10.3390/biom10020179
http://doi.org/10.1016/j.bbrc.2020.12.022
http://doi.org/10.3892/mmr.2015.4523
http://doi.org/10.1083/jcb.201504046
http://doi.org/10.1016/j.clim.2021.108823
http://doi.org/10.4161/sgtp.29846
http://doi.org/10.1186/1478-811X-8-23
http://doi.org/10.18632/oncotarget.16545
http://www.ncbi.nlm.nih.gov/pubmed/28380458
http://doi.org/10.2174/187152506776369926
http://www.ncbi.nlm.nih.gov/pubmed/16611050
http://doi.org/10.1177/1535370219868960
http://www.ncbi.nlm.nih.gov/pubmed/31398994
http://doi.org/10.1016/j.pneurobio.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27095262
http://doi.org/10.1002/path.1649
http://doi.org/10.1038/sj.onc.1210063
http://doi.org/10.1016/j.actbio.2012.04.043
http://doi.org/10.1371/journal.pone.0010456
http://doi.org/10.18632/oncotarget.17457
http://doi.org/10.2174/1871529X19666190206150349
http://doi.org/10.1016/j.cell.2005.02.029
http://www.ncbi.nlm.nih.gov/pubmed/15882624
http://doi.org/10.1016/j.gene.2017.03.028
http://www.ncbi.nlm.nih.gov/pubmed/28344045
http://doi.org/10.1016/S0006-3495(99)77124-9
http://doi.org/10.1007/s00018-019-03128-y
http://www.ncbi.nlm.nih.gov/pubmed/31073744
http://doi.org/10.1146/annurev.biophys.29.1.545
http://www.ncbi.nlm.nih.gov/pubmed/10940259
http://doi.org/10.1016/bs.ircmb.2020.05.006
http://doi.org/10.1007/s10555-008-9169-0
http://doi.org/10.1098/rstb.2018.0227
http://doi.org/10.1101/cshperspect.a018226
http://doi.org/10.3390/cells9071649
http://doi.org/10.1158/0008-5472.CAN-18-0988
http://www.ncbi.nlm.nih.gov/pubmed/29934435
http://doi.org/10.1038/nature08109
http://www.ncbi.nlm.nih.gov/pubmed/19553991
http://doi.org/10.1016/j.ceb.2009.07.002


Non-Coding RNA 2022, 8, 28 15 of 17

64. Van Grembergen, O.; Bizet, M.; de Bony, E.J.; Calonne, E.; Putmans, P.; Brohée, S.; Olsen, C.; Guo, M.; Bontempi, G.; Sotiriou, C.;
et al. Portraying breast cancers with long noncoding RNAs. Sci. Adv. 2016, 2, e1600220. [CrossRef] [PubMed]

65. Zhang, Y.; Jin, W.; Ma, D.; Cao, J.; Fu, T.; Zhang, Z.; Zhang, Y. Long non-coding RNA CYTOR regulates proliferation and
metastasis of colon cancer cells through regulating miRNA-105/PTEN axis. Int. J. Clin. Experi Ment. Pathol. 2021, 14, 434–443.

66. Tian, Q.; Yan, X.; Yang, L.; Liu, Z.; Yuan, Z.; Zhang, Y. lncRNA CYTOR promotes cell proliferation and tumor growth via
miR-125b/SEMA4C axis in hepatocellular carcinoma. Oncol. Lett. 2021, 22, 1–12. [CrossRef]

67. Wei, F.; Wang, Y.; Zhou, Y.; Li, Y. Long noncoding RNA CYTOR triggers gastric cancer progression by targeting miR-103/RAB10.
Acta Biochim. et Biophys. Sin. 2021, 53, 1044–1054. [CrossRef]

68. Chen, W.; Du, M.; Hu, X.; Ma, H.; Zhang, E.; Wang, T.; Yin, L.; He, X.; Hu, Z. Long noncoding RNA cytoskeleton regulator RNA
promotes cell invasion and metastasis by titrating miR-613 to regulate ANXA2 in nasopharyngeal carcinoma. Cancer Med. 2019, 9,
1209–1219. [CrossRef]

69. Ostrowska, Z.; Moraczewska, J. Cofilin – a protein controlling dynamics of actin filaments. Postępy Higieny i Medycyny Doświad-
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