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Calponin and transgelin (originally named SM22) are homologous cytoskeleton
proteins that regulate actin-activated myosin motor functions in smooth muscle
contraction and non-muscle cell motility during adhesion, migration,
proliferation, phagocytosis, wound healing, and inflammatory responses. They
are abundant cytoskeleton proteins present in multiple cell types whereas their
physiological functions remain to be fully established. This focused review
summarizes the evolution of genes encoding calponin and transgelin and their
isoforms and discusses the structural similarity and divergence in vertebrate and
invertebrate species in the context of functions in regulating cell motility. As the
first literature review focusing on the evolution of the calponin-transgelin family of
proteins in relevance to their structure-function relationship, the goal is to outline
a foundation of current knowledge for continued investigations to understand the
biological functions of calponin and transgelin in various cell types during
physiological and pathological processes.
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1 Introduction

Calponin and transgelin (originally named SM22) are homologous cytoskeleton proteins
that regulate actin-activated myosin motor functions in smooth muscle contraction and
non-muscle cell motility during adhesion, migration, proliferation, phagocytosis, wound
healing, inflammatory response and fibrotic tissue remodeling (Liu and Jin, 2016a). Calponin
and transgelin have each evolved into three homologous isoforms in vertebrates and their
physiological functions remain to be fully established.

The primary structures of calponin isoforms have been determined in multiple
vertebrate species. Their highly conserved core structure consists of a calponin
homology (CH) domain, two actin-binding motifs and three calponin-like (CLIK)
repeats. In comparison, the structure of transgelins consists of one CH domain, one
actin-binding motif and one CLIK motif. The three vertebrate calponin isoforms are
diverged in their C-terminal structures whereas transgelins lack the C-terminal variable
region (Liu et al,, 2017).

Homologs to vertebrate calponin and transgelin have been identified in invertebrate
species. For example, a calponin-like protein was found in mussels as a regulatory protein for
actin and tropomyosin-related cellular functions. It is larger than vertebrate calponins
containing a CH domain and five CLIK repeats (Dobrzhanskaya et al., 2013; Sirenko et al.,
2013). Several other calponin-like proteins have been reported in invertebrates containing a
CH domain and various numbers of CLIK repeats ranging from 7 in tapeworm to 23 in
mollusks (Ono, 2021). The calponin-like protein, unc-87, of Caenorhabditis elegans contains
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TABLE 1 Calponin isoform genes and cell types of expression.

10.3389/fcell.2023.1206147

Isoform genes CNN1 CNN2 CNN3
Protein names Calponin 1 Calponin 2 Calponin 3
Gene location in human chromosomes 19p13.2-p13.1 19p13.3 1p22-p21
Number of exons 7 7 7

Number of amino acids encoded 297 309 329
Molecular weight of encoded proteins 33.2 kDa 33.7 kDa 36.4 kDa
Isoelectric point of protein products 9.1 7.23 5.84

Cell types of expression Smooth muscle cells

Smooth muscle cells Smooth muscle cells

Mesangial cells Fibroblasts Neuronal cells
Sertoli cells Epithelial cells Myoblasts
Myofibroblasts Keratocytes Trophoblasts

Endothelial cells B lymphocytes
B lymphocytes
Myeloid blood cells

Alveolar cells

Carcinoma cells

Podocytes

7 CLIK repeats in the absence of the CH domain, possibly
representing an ancestral form of calponin and transgelin family
proteins (Yamashiro et al., 2007; Ono et al,, 2015).

To understand the function of the conserved core structure of
calponin-transgelin family proteins as well as the significantly
diverged structures of their isoforms is of physiological and
medical importance. To systemically review the molecular
evolution of calponin and transgelin in vertebrate and
invertebrate species can provide insights into the structure-
function relationship of calponin and transgelin and the
molecular mechanisms in their regulation of cell motility-related
processes. Extracted from the current knowledge of calponin and
transgelin structures in the sequence databases that have rapidly
enriched in recent years, this focused review summarizes for the first
time the molecular evolution of the calponin-transgelin gene family
in the context of the structure-function relationships of calponin and
transgelin and their isoforms across invertebrate and vertebrate
species. The goal is to lay a foundation for better understanding
the biological functions of calponin and transgelin in various cell
types as a regulator of physiological and pathological processes.

2 Three calponin isoforms in
vertebrates

Calponin was first identified in chicken gizzard smooth muscle
in 1986 as abundant actin thin filament-binding protein with a
potential function in the regulation of smooth muscle contraction
(Takahashi et al., 1986; Takahashi et al., 1988). This smooth muscle
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calponin was later classified as calponin 1 after two other calponin
isoforms were identified. Now we know that three homologous
genes are present in vertebrates encoding three calponin isoforms
(Jin et al., 2008). CNNI encodes calponin 1 (previously annotated as
basic calponin based on its basic isoelectric point) (Gao et al., 1996).
CNN2 encodes calponin 2 (previously named neutral calponin)
(Strasser et al., 1993; Masuda et al, 1996). CNN3 encodes
calponin 3 (previously named acidic calponin based on its acidic
isoelectric point) (Applegate et al.,, 1994). Mainly from studies in
human and mouse, properties of the three vertebrate calponin
isoform genes are summarized in Table 1.

Calponin 1 is expressed at high levels in smooth muscle and is
used as a marker for differentiated smooth muscle cells. The
expression level of calponin 1 varies among different types of
smooth muscle with high levels in the digestive tract and a very
low level in avian trachea (Jin et al., 1996). During mouse embryonic
development, calponin 1 protein expression is detectable in
E9.5 fetus in the dorsal aorta and tubular heart. Its expression is
developmentally upregulated in smooth muscle tissues whereas
downregulated in the heart during late fetal development
(Samaha et al., 1996). Studies have shown that calponin 1 and
calponin 2 are not essential for norepinephrine- and sodium
fluoride-induced contractions in rat aortic smooth muscle
whereas implying a potential function in modulating contractility
(Nigam et al, 1998). The unloaded shortening velocity of
thiophosphorylated fibres was significantly faster in the smooth
muscle of calponin 1 KO mice than WT control (Matthew et al.,
2000). In physiological conditions, calponin does not determine
smooth muscle contractile kinetics (Facemire et al., 2000).
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In addition to smooth muscle cells, calponin 1 also is expressed
in several types of mesenchymal cells, such as glomerular mesangial
cells, pancreatic precursor cells, periglomerular myofibroblasts, and
Sertoli cells (Zhu et al,, 2004). Overexpression of calponin 1 in
osteoblast of transgenic mice leads to decreased bone mass by
disrupting osteoblast function and promoting osteoclast function
(Suetal,, 2013). The specific function of calponin 1 in these cell types
are not well understood. Similar to smooth muscle actin (Springer
et al,, 2002), calponin 1 is considered a marker for myofibroblast
differentiations which may underlie the significance of its expression
in non-muscle cells.

Calponin 2 is expressed in smooth muscle cells. Although
structural diversity exists among calponin isoforms, calponin
1 and 2 bind F-actin with similar affinity indicating a conserved
mechanism in regulating smooth muscle contractions (Jin et al.,
2003). Calponin 2 also expresses in a broad range of non-muscle cell
types, including fibroblasts, skin keratinocytes, endothelial cells,
lung alveola cells, macrophages, platelets (Hines et al, 2014),
osteoblasts, kidney podocytes, breast cancer (Debald et al., 2014),
pancreatic cancer (Qiu et al., 2017), and prostate cancer cells (Wu
and Jin, 2008; Moazzem Hossain et al., 2014). These diverse cell
types can be categorized in three groups: a) cells residing in a tissue
environment under high mechanical tension, such as in the wall of
hollow organs, b) cells of high rates of proliferation or during
development, and c) actively migrating cells, such as fibroblasts
and macrophages. Based on calponin’s fundamental function as an
inhibitory regulator of myosin ATPase and motor activity (Walsh,
1991), calponin 2 functions in these cell types by regulating motility
related process such as cytokinesis (Masuda et al., 1996; Qian et al.,
2021), migration (Ulmer et al., 2013; Moazzem Hossain et al., 2014)
and phagocytosis (Huang et al., 2008). Calponin 2 expression is
relatively restricted to vasculature from 16 to 30 h post-fertilization
in a zebrafish embryo study, suggesting calponin 2 is crucial in the
migration of endothelial cells during vascular development (Tang
et al., 2006). As mechanical tension regulates the transcription of
CNN2 gene and the degradation of calponin 2 protein (Hossain
et al,, 2005; Hossain et al., 2006; Hossain et al., 2016), the cell type-
specific expression and tissue distribution of calponin 2 may reflect a
role in sensing and responding to tension signals through adjusting
cell motility-based functions (Liu and Jin, 2016a).

Calponin 3 was originally found in rat vascular smooth muscle
with expressions also in neural tissues (Applegate et al, 1994).
Studies have suggested that calponin 3 is functionally distinct
from calponin 1 with unique characteristics even after removal of
the acidic tail. For example, although it competes with calponin 1 for
binding F-actin, calponin 3 has a weaker inhibitory effect on
actomyosin MgATPase (el-Mezgueldi et al., 1996). Different from
calponinl, calponin 3 binds F-actin with significant affinity but not
microtubules, desmin, tropomyosin, calmodulin, and S100 (Fujii
et al., 2002).

Calponin 3 has been studied in several different cell types. A
unique function of calponin 3 is that its expression in brain
contributes to neural plasticity (Ferhat et al., 2003) and neural
tube morphogenesis (Junghans and Herzog, 2018). In addition,
calponin 3 has been identified as a negative regulator of the
essential cell fusion function of trophoblasts (Shibukawa et al.,
2010) and myoblasts (Shibukawa et al, 2013). The inhibitory
effects of calponin 3 on myogenesis and myocyte fusion are
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regulated by the Rho-associated protein kinase (ROCK) signaling
pathway (Shibukawa et al, 2013). Another study showed that
calponin 3 regulates myoblast proliferation, differentiation and
protein synthesis through mTOR pathway (She et al, 2021).
Calponin 3 is also found in chondrocytes as a Smad-binding
regulator to inhibit bone morphogenic protein (BMP)-mediated
transcription (Haag and Aigner, 2007).

Calponin 3 was found critical to coordinated contractility of
actin stress fibers (Ciuba et al, 2018). During wound healing,
calponin 3 is involved in actin stress fiber remodeling during scar
formation and fibrosis (Daimon et al., 2013). Calponin 3 has been
shown to regulate cell motility through extracellular signal-regulated
kinase (ERK) 1/2-mediated caldesmon phosphorylation (Appel
2010). Expressed in B lymphocytes during -early
development, calponin 3 functions as a mediator downstream of

et al,

the precursor B-cell receptor (pre-BCR) in the plasma membrane
with Syk-dependent phosphorylation (Flemming et al., 2015).

Figure 1 show a phylogenetic tree constructed by aligning amino
acid sequences of the three calponin isoforms of representative
vertebrate species. The evolutionary lineages demonstrate that
each of the calponin isoforms is highly conserved in the
vertebrate phylum whereas the three isoforms have significantly
diverged during evolution. This pattern indicates functional
adaptations of the isoforms of calponin to differentiated cellular
functions. The data indicate that Cnn3 emerged earlier than Cnnl
and Cnn2 during vertebrate evolution. Consistently, Cnn3 shows
higher degree of divergence among vertebrate classes while Cnnl
and Cnn2 are more conserved.

Genetically engineered mouse models provide integrative
physiological systems for the study of calponin functions and the
significance of tissue-specific high or low level expressions.
Experimental data demonstrate that mice with systemic Cnnl or
Cnn2 single gene knockout, and Cnnl, Cnn2 double knockouts are
viable and fertile (Takahashi et al, 2000; Feng et al, 2019).
Consistently, domestic New Zealand White rabbits have a natural
loss of Cnn2 (Plazyo et al, 2020). In contrast, systemic Cnn3
knockout resulted in
development with early neonatal lethality (Flemming et al,

severely defective embryonic neural

2015). With the highly conserved presence in all other vertebrate
species studied to date, the lack of calponin 2 in New Zealand White
rabbit provides an interesting case of natural Cnn2 knockout (Plazyo
et al,, 2020). Although rabbit has been broadly used as a model for
the study of human biology and diseases, this unique genetic
variation needs to be considered when using rabbit in cell
motility-related studies.

Systemic deletion of Cnn2 in mice decreases postoperative
adhesion formation (Hsieh et al, 2021) and causes age
progressive proteinuria (Hsieh and Jin, 2022). Cell type-specific
calponin knockout mouse models provide more informative
experimental systems. B lymphocyte-specific Cnn3 knockout mice
have been used to study B cell development (Springer et al., 2002).
Myeloid cell-specific Cnn2 knockout mice have been used in
investigating the functions of calponin 2 in disease models. Mice
with myeloid cell-specific deletion of calponin 2 attenuates the
development of atherosclerosis (Liu and Jin, 2016b) and reduces
inflammatory arthritis through altered macrophage phagocytosis
and mobility (Huang et al., 2008; Huang et al., 2016). Supporting this
notion, calponin 2 expression in lung residential macrophages is
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Phylogenetic tree of vertebrate calponin and isoforms. The phylogenetic tree was generated by alignment of amino acid sequences of calponin
isoforms in representative vertebrate species with the DNASTAR MegAlign computer software (Lasergene, Inc, Madison, WI) using the Clustal W method.
The sequence similarity-derived evolutionary lineages demonstrate that each of the calponin isoforms is conserved in the vertebrate phylum while the
three isoforms have significantly diverged during vertebrate evolution. This pattern indicates the adaptation of the calponin isoforms to different cell
functions and tissue environments. Calponin isoforms 1, 2, and 3 are marked in purple, red and green, respectively. The degrees of evolutionary
divergence are indicated by the lengths of lineage lines. The NCBI database accession numbers of the sequences analyzed are: African clawed frog CNN1,
NP_001085014.1; African clawed frog CNN2, ABG49504.1; African clawed frog CNN3, NP_001080482.1; Atlantic salmon CNN1, NP_001139857.1;
Atlantic salmon CNN2, NP_001133873.1; Atlantic salmon CNN3, NP_001133337.1; Band tailed pigeon CNN2, OPJ86593.1; Bighead croaker CNN1,

TKS92442.1; Bighead croaker CNN2, TKS80042.1; Bighead croaker CNN3, TKS88103.1; Brown tree snake CNN2, JAG68493.1; Chimpanzee CNN1,NP_
001267033.1; Chimpanzee CNN2, JAA13388.1; Chimpanzee CNN3, JAA44470.1; Chinese hamster CNN1, EGV96164.1; Chinese hamster CNN2,
EGV99480.1; Chinese hamster CNN 3, EGW11625.1; Chicken CNN1, NP_990847.1; Chicken CNN2, NP_001135728.1; Chicken CNN3, NP_001341600.1;
Copperhead snake CNN2, JAV51035.1; Eastern Diamondback rattlesnake CNN2, AFJ49586.1; Human CNN1, NP_001290.2; Human CNN2, AAI48265.1;
Human CNN3, AAB35752.1; Mainland tiger snake CNN1, XP_026535408.1; Mouse CNN1, AAI38864.1; Mouse CNN2, EDL31614.1; Mouse CNN3,
AAHB5268.1; Naked mole CNN1, JAN96391.1; Naked mole CNN2, EHB16944.1; Naked mole CNN3, XP_004841280.1; Snakehead fish CNN1,
KAF3700611.1; Snakehead fish CNN2, KAF3699176.1; Snakehead fish CNN3, KAF3703402.1; Western terrestrial garter snake CNN1, XP_032066879.1;
Western clawed frog CNN1, NP_001015796.1; Western clawed frog CNN2, NP_998841.1; Western clawed frog CNN3, NP_989257.1; Western terrestrial
garter snake CNN2, XP_032064388.1; Western terrestrial garter snake CNN3, XP_032074010.1; Zebrafish CNN1, XP_701038.5; Zebrafish CNN2, NP_

998514.1; Zebrafish CNN3, NP_956047.1.

than  that
corresponding to an adaptation to the maintenance of quiescent
state in normal lung with continuing exposure to the external

significantly ~lower in peritoneal macrophages

environment (Plazyo et al., 2019). Pathogenic studies showed that
systemic deletion but not myeloid cell-specific deletion of calponin
2 prevented the development and progression of calcific aortic valve
disease (Plazyo et al.,, 2018), distinguishing the pathogenesis from
that of vascular atherosclerosis.

3 Three SM22/Transgelin isoforms in
vertebrates

Transgelin was originally identified in 1987 as a 22-kDa protein
in chicken gizzard smooth with the name of SM22 (Lees-Miller et al.,
1987; Pearlstone et al., 1987). Transgelin/SM22 is one of the most
abundant proteins in vertebrate smooth muscles with a high degree
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of structural similarity to calponin and functions in the stability of
actin cytoskeleton similar to that of calponin (Gimona et al., 2003).
Represented by human data, three homologous isoforms of
transgelin  have been identified in vertebrates (Table 2).
Transgelin-1 (also named SM22a, p27, WS3-10), transgelin-2
(SM22p) and transgelin-3 (SM22y, NP25 or NP25) share ~70%
sequence similarity (Liu et al.,, 2020).

The conserved structure of transgelin/SM22 consists of an
N-terminal CH domain, a calcium binding motif with a helix-loop-
helix structure, an actin-binding region, and a single CLIK motif (Fu
et al., 2000; Kawasaki and Kretsinger, 2017). Studies have indicated that
multiple sites in the C-terminal domain of transgelin/SM22 are required
for high affinity actin-binding (Fu et al, 2000). Transgelin/
SM22 possesses EF-hand calcium binding sequences with
demonstrated Ca*-binding activity (Shishibori et al., 1996).

Transgelin/SM22 is broadly expressed in vascular and visceral smooth
muscles and early during smooth muscle differentiation (Gimona et al,
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TABLE 2 Transgelin isoform genes and cell types of expression.

Isoform genes TAGLN

Protein names Transgelin-1

10.3389/fcell.2023.1206147

TAGLN 2 TAGLN 3

Transgelin-2 Transgelin-3

Gene location in human chromosomes 119233 11q23.2 3q13.2
Number of exons 5 7 5
Number of amino acids encoded 201 199 199
Molecular weight of encoded proteins 22 kDa 22.39 kDa 22.4 kDa
Isoelectric point of protein products 9 8.4 6.7

Cell types of expression Smooth muscle cells

Smooth muscle cells Smooth muscle cells

Macrophages Neural cells

Bone marrow cells

2003). It is also found in fibroblasts and epithelial cells when treated with
TGF-B1 to induce myofibroblast differentiation (Elsafadi et al., 2016).
Transgelin/SM22 is not required for smooth muscle differentiation but is
involved in calcium-independent smooth muscle contraction (Assinder
et al, 2009). Recent evidence suggests that transgelin/SM22 acts as a
tumour suppressor with diminished expression in prostate (Yang et al,
2007), breast (Sayar et al.,, 2015; Dvorakova et al., 2016), and colon cancers
(Assinder et al, 2009; Liu et al, 2020). This function of transgelin/
SM22 may be via suppression of metallomatrix protease-9 (MMP-9)
that is upregulated in those types of cancer (Assinder et al, 2009).
Transgelin/SM22 has been found in association with remodeling of the
actin cytoskeleton and promotes the migration and invasion of cancer
stem cells (Liu et al, 2020). Cortical transgelin-2 interacts with light
intermediate chain subunit 2 (LIC2)-dynein for maintaining proper length
of mitotic spindles, chromosome alignment, spindle orientation and
timely anaphase onset (Sharma et al., 2020).

Transgelin-1 has an isoelectric point of 9.0 and is encoded by
TAGLN gene that is 5.4-kb in size localized on human chromosome
11 at q23.2 (Camoretti-Mercado et al., 1998). Similar to calponin 1,
transgelin-1 is primarily and abundantly expressed in smooth
muscles (Zhong et al, 2019). Transgelin-1 is used as an early
differentiation marker of vertebrate smooth muscle cells (Lawson
et al, 1997) and the levels of expression in smooth muscle cells
reflect the degree of differentiation (Kato et al., 2019).

Transgelin-2 is also a 22-kDa protein and has an isoelectric point
of 8.41 *. Transgelin-2 is encoded by TAGLN2 gene located on
human chromosome 1q23.2 7. Like calponin 2, transgelin-2 is
widely expressed in smooth muscle cells (Yin et al, 2018),
epithelial cells, stem cells (Kuo et al., 2011), T lymphocytes (Na
et al,, 2015), bone marrow cells, and pancreatic tissue (Meng et al.,
2017). Transgelin-2 localizes to multiple intracellular sites, including
the cytoplasm, cell membrane and nucleus. The cellular localizations
may vary in pathophysiological conditions, such as epithelial to
mesenchymal transition in colorectal cancer (Lin et al., 2009; Zhang
et al., 2010; Elsafadi et al., 2020).
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pancreatic cells
Epithelial cells

T lymphocytes

Cancer cells

Transgelin-3 was first identified and isolated from rat brain in
1994 and named NP25. Encoded by TAGLN3 gene, it is a protein of
199 amino acids with significant sequence similarity to other
transgelin isoforms and calponins (Gimona et al, 2002). The
TAGLN3 gene 3ql3.2.
Transgelin-3 has conserved sequences in chicken, rat, mouse, and

human located on chromosome
human, containing an N-terminal CH-domain, an actin binding
region and a C-terminal CLIK-sequence (Ren et al., 1994).

Figure 2 shows a phylogenetic tree demonstrating the
evolution lineages of vertebrate transgelin isoforms. The
divergency pattern depicts that each of the transgelin isoforms
is conserved across vertebrate species whereas the three isoforms
have significantly diverged during vertebrate evolution, which is
similar to that of the evolution of calponin isoforms shown in
Figure 1. The molecular evolution data indicate that TAGLN
emerged earlier than TAGLN2 and TAGLN3 during vertebrate
evolution. In the meantime, TAGLN has diverged more among
vertebrate classes while TAGLN2 and TAGLN3 are relatively
conserved.

Table 3 shows a comparison of the expression, function and
regulation of calponin and transgelin. Calponin and transgelin
exhibit similar expression in smooth muscle and non-smooth
muscle cells, such as fibroblasts, lymphocytes, neural cells, and
cancer cells. Calponin and transgelin both regulate actin
cytoskeleton stability and are regulated by mechanical tension.
with  that of
phosphorylation sites are found in transgelin.

Comparing calponin, more regulatory

4 Calponin-like and transgelin-like
proteins in invertebrate animals and
single cell organisms

Homologs of calponin and transgelin family proteins are found
in invertebrates, for example, unc-87 in Caenorhabditis elegans
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Phylogenetic tree of vertebrate transgelin isoforms. The phylogenetic tree was generated by aligning amino acid sequences of the three transgelin
isoforms in representative vertebrate classes including fish, amphibian, reptile, avian, and mammal with the MegAlign computer program (Lasergene;
DNASTAR, Inc, Madison, WI) using Clustal W method. The degrees of evolutionary divergence are indicated by the lengths of lineage lines. TAGLN,
TAGLNZ, and TAGLN3 isoforms are marked in purple, red and green, respectively. The NCBI database accession numbers of the sequences analyzed

are: African clawed frog TAGLN, NP_001083600.1; African clawed frog TAGLN2 NP_001080783.1; African turquoise killifish TAGLN3, KAF7213900.1;
Black-legged kittiwake TAGLN, XP_054078918.1; Black-legged kittiwake TAGLN2, XP_054038817.1; Black-legged kittiwake TAGLN3, XP_054071416.1;
Cape cliff lizard TAGLN, XP_053124973.1; Cape cliff lizard TAGLN2, XP_053133737.1; Cape cliff lizard TAGLN3, XP_053167629.1; Chicken TAGLN,
AAA48782.1; Chicken TAGLN2, XP_024999416.1; Chicken TAGLN3, XP_040518015.1; Diamondback rattlesnake TAGLN, JAI10881.1; European plaice
TAGLN, XP_053298355.1; European seabass TAGLN, XP_051257332.1; Green swordtail TAGLN3, KAF5894368.1; Human TAGLN, NP_001001522.1;
Human TAGLN2, KAI4083433.1; Human TAGLN3, KAI2530827.1; Mexican tetra TAGLN2, XP_049332440.1; Mexican tetra TAGLN3, KAG9283353.1;
Mouse TAGLN, CAA92941.1; Mouse TAGLN2, NP_848713.1; Mouse TAGLN3, AAH55338.1; Orange spotted grouper TAGLN, ABW04145.1; Tiger
rattlesnake TAGLN, 2, XP_039222054.1; Tiger rattlesnake TAGLN3, XP_039220015.1; Tiny caecilian TAGLN, XP_030076731.1; Tiny caecilian TAGLN2,
XP_030043052.1; Tiny caecilian TAGLN3, XP_030060064.1; Two-lined caecilian TAGLN, XP_029429188.1; Two-lined caecilian TAGLN2, XP_XP_
029436331.1; Two-lined caecilian TAGLN3, XP_029434652.1; Western clawed frog TAGLN, NP_001025579.1; Western clawed frog TAGLN2, NP_

989354.1; Yellow drum fish TAGLN, KAG8008337.1.

(Goetinck and  Waterston, 1994) and mp20 in Drosophila
melanogaster (Ayme-Southgate et al, 1989). While vertebrate
muscle tissues are classified as skeletal, cardiac and smooth
muscles, muscle tissues of invertebrates are grouped into
transverse striates, oblique striates and smooth muscles with
variations among species
transverse and oblique striated muscled or between oblique
(Plesch, 1977).

vertebrates, calponin is not found in highly differentiated striated

and intermediate types between

striated and smooth muscles Same as in
muscles of invertebrates. Studies have found calponin expression in
invertebrate muscle types structurally similar to vertebrate smooth
muscle (Royuela et al., 1997). Calponin was found in the smooth and
oblique striated muscles of Helix snail (Royuela et al., 2000) and arm
muscles of Antarctic starfish (Meyer-Rochow et al., 2003). During
the embryonic development of marine spoon worm Echiura, striated
and smooth muscle specific genes including calponin-like protein
are expressed in specific muscle layers of adult body wall muscles
(Han et al., 2020). A study found that freshwater sponge Ephydatia
muelleri has three transgelin paralogs of which a transgelin-2-like
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protein was located in contractile bundles in pinacocytes (Colgren
and Nichols, 2022).

Schistosoma japonicum expresses a 38-kDa protein with
substantial structural similarity to vertebrate calponin and
expresses exclusively in smooth musculature. This calponin-like
protein is located in smooth myofibrils of adult worm in
association with myofilaments. It is also present in smooth
muscles of the forebody and stratified muscle of the tail. This
protein is involved in the contraction of stratified tail muscle,
indicating a function similar to smooth muscle calponin in
vertebrates (Jones et al., 2001). Calponin-like proteins have been
found in regulating octopus muscular contraction and a calponin 2-
like isoform was identified in Octopus bimaculoides with an
interesting function to produce antibacterial peptides against
Gram-positive and Gram-negative bacteria (Maselli et al., 2020).
Another study also found that calponin expression significantly
increased in the honeycomb moth Galleria mellonella 24 h after
inoculation of candida pathogens, implicating a role of calponin in
cellular responses to infections (Sheehan and Kavanagh, 2018).
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Protein Expression Function Mechanism Regulation
Calponin Smooth muscle cells Smooth muscle contractions Inhibit actin activated myosin motors = PKC phosphorylation
Fibroblasts, lymphocytes, Proliferation, motility, adhesion, Stabilize actin cytoskeleton, tension PKC phosphorylation, Tyrosin
macrophages migration related mechanoregulation phosphorylation,
MEKKI phosphorylation, methylation
Macrophages Phagocytosis
Neural cells Cell plasticity
Trophoblasts Cell fusion
Prostate cancer cells, ovarian cancer =~ Cancer cell proliferation,
cells migration, adhesion, and
metastasis
Transgelin | Smooth muscle cell Smooth muscle contractions Regulate actin cytoskeleton by PKC phosphorylation
calponin 2
Fibroblasts, lymphocytes, epithelial =~ Proliferation, adhesion, migration, = Stabilize actin inhibt actin PKC phosphorylation, Tyrosin
cells, neural cells phagocytosis depolymeralization, tension related phosphorylation,
mechanotrgulation MEKKI phosphorylation, methylation,
Brease cancer cells, prostate cencer = Cancer cell proliferation, invasion, NE-kB, TGF-13p, ERK
cells, colorectal cancer cells and metastasis

Calponin-like and transgelin-like proteins have been found with
more functions in invertebrate organisms besides regulating smooth
muscle contraction. During larval-pupal metamorphosis of the cotton
bollworm Helicoverpa armigera, calponin is expressed at a high level in
the metamorphic epidermis and phosphorylated by protein kinase C (Fu
et al, 2009). In the embryonic stage, the sea squirt Ciona expresses a
calponin-transgelin family gene that is crucial to nortocord development
(Oonuma et al., 2021). It was shown that non-phosphorylated calponin
interacts with ultraspiracles protein to activate the juvenile hormone
pathway and antagonize the 20-hydroxyecdysone pathway in initiating
insect molting and metamorphosis (Cai et al, 2014). Calponin-like
proteins also function in invertebrates during adaption to environmental
changes. In the non-calcifying marine worm Platynereis dumerilii,
expression of a calponin-like gene changed significantly in response
to low pH environment (Wage et al., 2016).

Figure 3 shows a phylogenetic tree of invertebrate calponin-like
proteins. As invertebrates include 97% of animal species with highly
diverged biological backgrounds, the current sequence database
indicates that invertebrate calponin is more diverged among
species but less distinguishable between isoforms in comparison
to that of the three vertebrate isoforms (Figure 1). For example,
arthropods represent the most abundant species of animals with
over 30 million species (Stork, 2018) but have calponin isoforms
closely clustered together despite marine or terrestrial species
(Figure 3). This pattern is also shown in the phyla of
roundworms and flatworms while their morphological features,
organ structures and living environments are very different.

Similar patterns are found in the phylogeny of invertebrate
transgelin and isoforms as shown in Figure 4. Transgelin-like
proteins have been identified in fungi, for example, STGI, a
protein of 174 amino acids in fission yeast (Nakano et al., 2005)
and SCP1, a protein of 200 amino acids in budding yeast (Goodman
etal,, 2003; Winder et al., 2003). The transgelin-like proteins appear
evolutionarily conserved in the kingdom of fungi (Figure 4).
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5 Structure-function relationships of
calponin and transgelin

While the three vertebrate calponin isoforms have clearly
diverged during evolution, each of the isoforms is conserved
across fish, amphibian, reptile, avian, and mammalian classes
(Figure 1). Although each of the vertebrate calponin isoforms
may have evolved to execute different physiological functions
type-specific their
structures are conserved, reflecting conserved core functions (Liu
and Jin, 2016a).

As an actin filament-associated regulatory protein, the roles of

based on their cell distributions, core

calponin in cytoskeleton and cell motility functions have been
extensively investigated (Liu and Jin, 2016a). Biochemical studies
of calponin 1 in the context of smooth muscle regulation have shown
that in addition to binding to actin and crosslinking actin filaments,
calponin interacts with other cytoskeleton and related proteins such
as tropomyosin, myosin, tubulin, desmin, gelsolin, Ca**-calmodulin,
Ca*-$100, and phospholipids. Calponin may also act as a cross-
linking protein between desmin filaments as well as intermediate
filaments, microfilaments and microtubules in smooth muscle cells
(Fujii et al, 2000). The thin filament inhibitory regulation of
calponin on actomyosin ATPase and motor function has been
correlated with increased isometric force generation, increased
actin filament binding to myosin but decreased moving velocity
of actin filaments over thiophosphorylated smooth muscle myosin
in in vitro motility assay (Haeberle, 1994). The interaction of
calponin and caldesmon with phospholipids may play a role in
regulating the dynamics of cytoskeleton (Gusev, 2001). The F-actin
severing protein gelsolin may form high-affinity complexes with
calponin 1 and calponin 3 through its actin binding sites as gelsolin
does not interact with calponin when calponin is bound to F-actin
(Ferjani et al, 2006). The known cytoskeleton and regulatory
partners of calponin and transgelin are summarized in Figure 5.
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FIGURE 3

Phylogenetic tree of invertebrate calponin isoforms. The phylogenetic tree of invertebrate calponin was generated by aligning the amino acid
sequences of annotated calponin isoforms in the representative invertebrate species with the MegAlign computer program (Lasergene; DNASTAR, Inc,
Madison, WI) using Clustal W method. The degrees of evolutionary divergence are indicated by the lengths of lineage lines. Calponin isoforms 1, 2, and
3areindicated in purple, red and green fonts, respectively. The NCBI database accession numbers of the sequences analyzed are: Bark spider CNN2,
GIY95920.1; Bat sea star CNN1, XP_038068192.1; Bat sea star CNN3, XP_038068193.1; Belted springtail CNN1, ODN05277.1; Bird tapeworm CNN3,
JAP59453.1; Blood fluke CNN3, XP_012795279.2; Dog round worm CNN2, KHN73181.1; Dog tapeworm CNN1, KAH9282893.1; Dog tapeworm CNN3,
EUB56891.1; East Asian octopus CNN1, XP_029648512.1; Fungivorous round worm CNN2, KAH7720906.1; Garden spider CNN3, GBN55272.1; Gray
mussel CNN2, APB61452.1; Hood coral CNN1, PFX34187.1; Hood coral CNN3, PFX34186.1; Human whip worm CNN1, CDW60276.1; Intoshia linei worm
CNN1, OAF71457.1; Japanese scallop CNN3, OWF41392.1; Oriental liver fluke CNN3, GAA43144.2; Pale anemone CNN1,KXJ22199.1; Taxon placozoa
CNN1, RDD43626.1; Water flea CNN3, JAM94970.1; White springtail CNN1, OXA37663.1; Satsuma tube worm CNN3, KAI0207068.1; Salmon louse CNN3,
ACO12641.1; Sea louse CNN3, ACO14747.1; Sea spider CNN3, KAG1690965.1; Spider mite CNN3, XP_015791637.1.

The function of calponin in non-muscle cells was mostly studied
with calponin 2. Calponin 2 have been shown to stabilize the actin
cytoskeleton (Hossain et al., 2005) and regulate cellular activities
including proliferation (Hossain et al., 2003; Moazzem Hossain
et al., 2014), adhesion (Moazzem Hossain et al., 2014; Hsieh
et al, 2021), migration (Ulmer et al, 2013), cell traction force
(Hossain et al., 2016), myofibroblast differentiation (Plazyo et al,
2018), and phagocytosis (Huang et al., 2008; Huang et al., 2016).
Calponin and transgelin have been found to closely related to cancer
metastasis (Verone et al., 2013; Liu et al., 2020) and autoimmune
diseases (Huang et al., 2016; Yin et al, 2018). In invertebrates,
transgelin is related to calcium crystal formation in mollusks critical
to shell formation. A study found that calponin is crucial in early
cellular and humoral response to infection in the honeycomb moth
Galleria mellonella (Sheehan and Kavanagh, 2018).

The primary structure of vertebrate calponin is highly
conserved. While there are some variations among species, we
may focus on the structure of human calponin isoforms to
summarize the structure-function relationships. Figure 6A aligns
the primary structural maps of three vertebrate calponin isoforms.
The three calponin isoforms share the conserved N-terminal
calponin homology (CH) domain, the middle region containing
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two actin-binding sites (ABS) and the three calponin like (CLIK)
repeating motifs. The C-terminal segment of calponin is a variable
region that constitutes the main structural differences between the
three isoforms.

The actomyosin ATPase inhibitory site locates in the segment of
amino acids 145-182 which also binds F-actin and calmodulin
(Fattoum et al, 2003). Mapped in calponin 1 studies, two
microtubule-binding sites were identified, one related to the
inhibitory site in the segment 145-182 and the other specific for
microtubule locates in the segment 183-292 (Fattoum et al., 2003).
A recent study reported a heat shock protein (hsp) 90-binding site in
the N-terminal (residues 7-144) portion of calponin with a function
in regulating the formation of actin bundles (Ma et al., 2000).

Demonstrated in smooth muscle studies, calponin 1 functions
as an inhibitor of actin-activated myosin ATPase and motor
function under the regulation of Ca*-calmodulin or
phosphorylation (Walsh, 1991; Hossain et al,, 2016). A Ca**-
calmodulin-binding site is mapped to the segment of amino
acids 52-144 (Mezgueldi et al, 1992) (Figure 6A). Protein
kinase C (PKC) phosphorylation sites likely common for all
three isoforms are located at Ser;;s and Thr;g, (blue arrow) in
the second actin-binding site in the first CLIK motif (Figure 6A). In
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TAGLN Fission yeast

Phylogenetic tree of invertebrate animal and fungal transgelin isoforms. The phylogenetic tree was generated by aligning amino acid sequences of
transgelin isoforms of representative invertebrate species with the DNASTAR MegAlign computer software (Lasergene, Inc, Madison, WI) using Clustal W
method. Transgelin isoforms 1, 2, and 3 are listed in purple, red and green fonts, respectively. Fungal transgelins are highlighted in brown font. The NCBI
database accession numbers of the sequences are: California two spot octopus TAGLN3, XP_014777580.1; Caenorhabditis elegans TAGLN, NP_
493713.2; Common house spider TAGLN, LAA01862.1; Common starfish TAGLN, QAA95982.1; Darwini’'s bark spider TAGLN3, GIY80101.1; Dog
tapeworm TAGLN, KAH9282095.1; Oriental liver fluke TAGLN, KAG5444608.1; Freshwater snail TAGLN3, KAH9519225.1; Hood coral TAGLN2,
PFX34185.1; Human scabies TAGLN2, KAI7688587.1; Japanese scallop TAGLN3, OWF50751.1; Mediterranean mussel TAGLN, VDI10566.1; Oriental lung
fluke TAGLN, KAA3679206.1; Pharaoh cuttlefish TAGLN, CAE1295289.1; Pork worm TAGLN2, KRY33709.1; Satsuma tube worm TAGLNZ2, KAI0231824.1;
Sea slug TAGLN, GFO13790.1; Silkworm moth TAGLN, ABF51271.1; Speckled wood butterfly TAGLN, JAA92459.1; Strawberry crimp disease nematode
TAGLN, KAI6193121.1; Water flea TAGLN3, JAJ10604.1; Aspergillus luchuensis TAGLN, GAT26957.1; Budding yeast TAGLN, KAF4004496.1; Candida

parapsilosis TAGLN, KAI5906036.1; Fission yeast TAGLN, O14185.1.

addition to the PKC phosphorylation sites, two tyrosine
phosphorylation identified
Tyr261 and Tyrg, (black arrow in Figure 6A). Calponin 2 has

sites were in calponin 1 at
a potentially additional phosphorylatable serine at position 177
near the PKC-phosphorylated Ser;;s. Calponin 3 has two ROCK
phosphorylation sites at Ser,o; and probably Ser296 (Shibukawa
etal, 2013) as well as an MEKK1 phosphorylation site at Thr,gg in
the C-terminal region (Hirata et al., 2016) (Figure 6A).

The linear structure maps in Figure 6B demonstrate that the
conserved structure of human transgelin isoforms consisting of
three elements: An N-terminal CH domain, an ABS and a
C-terminal CLIK segment. The CH domain of transgelin has
been shown to bind ERK whereas its ABS domain binds actin and
C-terminal CLIK domain binds ezrin (Yin et al., 2019). Two EF-
hand Ca’'-binding motifs are found in the CH domain of
transgelin, suggesting a possible role of transgelin in Ca’*-
mediated cell regulations (Matsui et al., 2018). Multiple
potential phosphorylation sites are found in transgelin-2 at
Ser;;, Sergs, Thrgy, Seriss, Series, Serygg, Serigs, Thrigp, and
Tyrige, (Zhou et al, 2013; Jang et al, 2015). Transgelin-3
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contains implicated phosphorylation sites at Ser;;, Thry,s,
Serys4, Serjgs, Serigg, Serjgs and Thrygg, and a methylation site
at Argros (Wu et al, 2021).

Transgelin and calponin both contain a CH domain (Li
et al., 2008). Whereas calponin has two actin-binding sites,
transgelin has only one homologous to the first actin-binding
site of calponin (Fu et al., 2000), which shares properties of
other actin-binding proteins (Fu et al., 2000). Similarly,
transgelin has only one CLIK motif versus the two in
calponins. In contrast to the three calponin isoforms,
transgelin does not have the isoform-specific C-terminal
variable region (Figure 6). As transgelin contains all of the
key structures of calponin without repeats or variable region, it
can be considered as a minimal version of calponin with a
concise structure for the core functions of calponin-transgelin
family proteins.

The calponin homology (CH) domain is a sequence motif of
around 100 amino acids. It was first identified in the N-terminal
region of calponin 1 spanning amino acid residues 29-129
(Castresana and Saraste, 1995; Gimona et al., 2002). CH domain
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Regulatory partner

Cytoskeleton and regulatory partners of calponin and transgelin. (A) Multiple cytoskeleton and regulatory proteins have been identified to interact

with calponin. Calponin binds actin filaments through two actin-binding sites (ABS), tropomyosin via the N-terminal calponin homology (CH) domain, and
gelsolin via the actin binding sites. Calponin interacts with microtubules through the actin-binding sites and the repeating motifs whereas with desmin
through the region of CH domain and the actin-binding sites. Residues 144-182 of calponin interact with myosin. Ca®*-calmodulin and Ca?*-

S100 bind calponin at the actin-binding sites, which releases the inhibitory effect on myosin MgATPase. An N-terminal fragment of calponin was reported
to interact with phospholipids and the CH domain overlaps with an ERK binding region. (B) In transgelin, the CH domain binds ERK, the ABS domain binds
F-actin, and the C-terminal calponin like (CLIK) segment binds ezrin. Transgelin interacts with ezrin through its CLIK domain. Two EF-hand Ca binding
motifs are found in the CH domain of transgelin, suggesting a possible regulation via calcium signaling.

has since been identified in numerous actin-binding proteins. The
CH domain-containing proteins are in three major groups with one
to four of CH domains (Korenbaum and Rivero, 2002). Grouped in
the calponin family (Korenbaum and Rivero, 2002), calponin and
transgelin are single CH domain proteins. Proteins with multiple
CH domains on the other hand represent a different module of
proteins (Stradal et al., 1998).

No definitive biochemical function has been identified for the
CH domain in calponin or transgelin. The CH domain is not
responsible for binding F-actin nor regulating the actin-binding
(Galkin et al., 2006). The CH domain in calponin was reported to
bind to extracellular regulated kinase (ERK) (Leinweber et al., 1999)
and calponin was coimmunoprecipitated with mitogen-activated
protein kinase (MAPK) (Menice et al, 1997), suggesting that
calponin may serve as adaptor protein in the ERK signaling
cascades of smooth muscle and non-muscle cells.

The structural variations of invertebrate calponin-like and
transgelin-like proteins are significantly larger than that in
vertebrate homologs. Calponin-like protein in invertebrates
was first identified in mussels (Sirenko et al., 2016) as a
major regulatory protein for actin and tropomyosin related
cellular functions, which contains a CH domain and five
CLIK repeats (Figure 7). Several other invertebrate calponin-
like proteins have since been reported containing a CH domain
and a various number of CLIK repeats, ranging from 7 in
tapeworm to 23 in mollusks (Ono, 2021). The calponin-
related protein unc-87 of Caenorhabditis elegans consists of
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seven CLIK repeats in the absence of the CH domain (Ono,
2021).

6 Regulation of calponin and transgelin
gene expression and function

The of transgelin-1/SM22a in
differentiated smooth muscle is similar to that of calponin 1

specific  expression
(Duband et al., 1993) whereas its regulation of actin cytoskeleton
in fibroblasts is similar to that of calponin 2 in fibroblast (Liu
et al, 2017) and cancer cells (Thompson et al., 2012). Both
calponin 2 and transgelin-2 are regulators for cell division
(Moazzem Hossain et al., 2014; Zhang et al., 2018). Cell cycle-
regulated degradation of calponin 2 is critical to the completion
of cytokinesis (Qian et al., 2021).

In addition to modgulating smooth muscle contractility, calponin
and transgelin regulate the structure and function of actin filaments in
multiple types of non-muscle cells for various cellular activities.
Therefore, the expressions of calponin and transgelin need to be
regulated in different physiological processes. Several studies have
regulation of calponin gene expression at
transcriptional and posttranslational levels. During quail and chicken

investigated  the

embryonic development, calponin 1 is expressed in muscularizing tissue
of endocardial cushion while other smooth muscle-specific genes such
as smooth muscle actin and caldesmon are not expressed (Moralez
et al., 2006). Calponin and transgelin play a major role in tumorigenesis
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Structural comparison of vertebrate calponin and transgelin isoforms. (A) The primary structural comparison of three calponin isoforms shows the

N-terminal calponin homology (CH) domain, the two actin-binding sites (ABS), the three calponin like repeat (CLIK) motifs, and the C-terminal variable
region that constitutes the main differences between the isoforms. Conserved PKC phosphorylation sites in all three isoforms include Ser;7s and Thrigs
(blue arrow) in the second actin-binding site overlapping with the first CLIK motif. Calponin 1 has two tyrosine phosphorylation sites at Tyr,g; and

Tyrigz (black arrow). Calponin 2 has a potentially phosphorylation site at Ser;77 (green arrow). Calponin 3 has two ROCK phosphorylation sites at Ser,g3 and
Serage as well as an MEKK1 phosphorylation site at Thr,gg in the C-terminal region. (B) The structure of human transgelin consists of three regions: An
N-terminal CH domain, an ABS, and a C-terminal CLIK region, which resembling a mini-calponin lacking the C-terminal variable tail. Phosphorylation
sites have been found in transgelin-2 at Seryy, Ser83, Thrgy, Seriys, Serigs, Serigo, Serigs, Thrigo, and Tyrig,. In transgelin-3, phosphorylation sites have been
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Linear structural maps of invertebrate calponin-like and transgelin-like proteins. The structures of invertebrate calponin-transgelin family proteins
are compared. The blue box indicates the N-terminal calponin homology (CH) domain and the red ellipses are calponin like (CLIK) motifs. The
invertebrate calponin-transgelin family proteins contain a CH domain and highly diverse numbers of CLIK repeats whereas the calponin-related protein

unc-87 of Caenorhabditis elegans does not have the CH domain (Ono, 2021).

and cancer metastasis. The first CLIK repeat of calponin 1 showed
tumor suppression effect in in vitro proliferation, cell motility, and soft
agar invasion assays (Yamane et al., 2015). Transgelin binds poly ADP-
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ribose polymerase 1 (PARP1) and regulates the downstream Rho
signaling pathway in the metastasis of colon cancer (Lew et al,
2020). TAGLN2-annexin A2 (ANXA2) interaction and NF-kappa B
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Phylogeny of the calponin-transgelin superfamily genes in vertebrates. The combined phylogenetic tree of vertebrate calponin and transgelin
isoforms was generated by aligning amino acid sequences of representative species with the DNASTAR MegAlign computer software (Lasergene, Inc,
Madison, WI) using Clustal W method. Transgelin isoforms 1, 2, and 3 are marked in purple, red and green fonts, respectively. The vertebrate calponin
isoforms 1, 2, and 3 are clustered in the blue box. The phylogenetic lineages demonstrate that calponin and transgelin diverged early during
vertebrate evolution and transgelin-1 emerged before transgelin-2, transgelin-3 and the three calponin isoforms. The NCBI database accession numbers

of the sequences are listed in the legends of Figures 1, 2.

signaling pathway are related to the invasion and metastasis of
hepatocellular carcinoma (Shi et al, 2020). Trangelin-2 regulates
T cell activation by stabilizing the actin cytoskeleton at the
immunological synapse, which is crucial for cytokine production
and cytotoxic effector function (Na et al,, 2015).

studies
regulation of calponin. Studies of calponin 1 have identified two

Extensive have investigated the phosphorylation
primary PKC phosphorylation sites at residues Ser;;5s and Thrygy in
the second actin-binding site and the first CLIK motif. These sites are
highly conserved in the three calponin isoforms (Figure 6A). Ser; ;5 is
the principal substrate of PKC and calmodulin-dependent protein
kinase, which regulates the binding of calponin to actin and the
inhibition of myosin cross-bridge cycling rate (Tang et al., 1996).
Phosphorylation of Ser;,s also alters the structural flexibility of
calponin to increase antibody epitope accessibility (Jin et al., 2000).
PKC signaling of calponin regulates redistribution of calponin in the

Frontiers in Cell and Developmental Biology

12

cell. Studies have shown that calponin 1 undergoes a PKC agonist-
induced translocation from the central contractile filaments to the
1994). Through
phosphorylation at Serj;s, calponin may serve as an adaptor
protein linking the PKC signaling cascade to the ERK cascade

membranous cortical area (Parker et al,

(Leinweber et al., 2000). In vascular smooth muscle cells, calponin
may activate PKC autophosphorylation in a lipid-independent
manner (Leinweber et al., 2000; Kim et al., 2013). The function of
calponin is also regulated by dephosphorylation catalyzed by type 2B
protein phosphatase (Ichikawa et al., 1993; Fraser and Walsh, 1995).

In calponin 1, both Tyr,s; and Tyrig, are phosphorylation sites
for tyrosine kinase (Abouzaglou et al, 2004). Tyrys of calponin
3 has also been shown to be phosphorylated by tyrosine kinase
(Abouzaglou et al., 2004). ROCK phosphorylates calponin 3 at Ser,q3
and Ser,gs in association with actin cytoskeleton and accelerates
plasma membrane fusion. ROCK phosphorylation diminishes the
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Overall phylogeny of calponin-transgelin genes in vertebrate and invertebrate animals. The

combined phylogenetic tree of vertebrate and

invertebrate calponin and transgelin was generated by aligning amino acid sequences of representative species with the DNASTAR MegAlign computer
software (Lasergene, Inc, Madison, WI) using Clustal W method. Vertebrate calponin isoforms are in blue font, invertebrate calponins are in black font,

vertebrate transgelins are in green font and invertebrate transgelins are in red font. The NCBI

database accession numbers of the sequences are in

the legends of Figures 1-4. The evolutionary lineages show that while calponin and transgelin have evolved into distinct and conserved isoforms in

vertebrates, the invertebrate homologs are significantly less differentiated.

inhibitory effect of calponin 3 on muscle cell differentiation and
fusion (Shibukawa et al., 2013). Mitogen activated protein kinase-1
(MEKK1) phosphorylates calponin 3 at Thryg to tune cell
contractility and increase traction force (Hirata et al., 2016). The

complex of phosphorylation sites involving different kinases may  are
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regulated by mechanical

reflect the regulation of broad functions by calponin and transgelin
in diverse types of cells in physiological and pathological conditions,
which remains to be investigated.

The gene expression and function of calponin and transgelin

tension. This was first

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1206147

Hsieh and Jin

demonstrated by culturing human skin keratinocytes on gel
substrates of various stiffness to show that higher stiffness-
the
The
acts

generated higher cytoskeleton tension upregulates
2005).

also

expression of Cnn2 gene (Hossain et al,

mechanical tension-regulation of calponin 2

posttranslational as shown by a low tension-induced
degradation in lung alveolar cells (Hossain et al., 2006). An
average static tension rather than dynamic tension dependent
expression of Cnn2 is demonstrated in cells cultured under
various regimes of cyclic stretching (Hossain et al., 2006).
The mechanoregulation of Cnn2 gene promoter involves the
Notch signaling pathway (Jiang et al, 2014). A study has
that the
degradation of transgelin-1

regulated by mechanical tension similarly to that of calponin

demonstrated gene expression and protein

in smooth muscle are also
2 (Liu et al., 2017). Consistently, collagen represses canonical
Notch signaling and regulates the downstream gene expression
of both calponin and transgelin (Zhang et al., 2013). Studies
further showed transgelin-2 participates in the progression of
colorectal cancer through interacting with CD44 to regulate the
Notchl signaling pathway (Ding et al,, 2022). These findings
implicate functional and mechanistic similarities between the
regulation and function of calponin and transgelin.

7 Summary and perspectives

Based on the structural similarity of vertebrate calponin and
transgelin, the combined phylogenetic analysis in Figure 8
demonstrates that these two proteins are evolutionary
homologous. The data clearly support that calponin and
transgelin are members of a super gene family with
conserved functional similarities. The phylogenetic lineages
of vertebrate calponin and transgelin isoforms also show that
transgelin isoforms are diverged earlier but less distinguished
from each other than that of the calponin isoforms. Therefore,
while each of the clearly diverged three calponin isoforms is
highly conserved across vertebrate phylum to represent
specialized functions, the transgelin isoforms especially the
transgelin-1/SM22a 8)
represent the ancestral form and core structures (Figure 6B)

earliest emerged (Figure may
of this superfamily of cytoskeleton regulatory proteins in
vertebrates.

To further demonstrate the overall phylogeny of calponin-
transgelin superfamily proteins, the combined phylogenetic
analysis of calponin and transgelin isoform genes in
vertebrate and invertebrate animals in Figure 9 confirms that
while calponin and transgelin both emerged early in animal
evolution indicating fundamental biological functions,
transgelin was the ancestor representing prototype structure
and functions. The clearly diverged calponin isoforms in
vertebrates reflect specialized functions whereas the less
likely
housekeeping functions as demonstrated in recent literature
(Meng et al., 2017; Jo et al., 2018).

In conclusion, calponins and transgelins are members of an

distinguishable  transgelin  isoforms  implicate

evolutionarily homologous superfamily of actin cytoskeleton
regulatory proteins. The evolutionary lineages demonstrate
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their structural and functional similarities. Cell type specific
isoforms of calponin and transgelin have evolved in
vertebrates with functions in regulating cell proliferation,
adhesion, migration, phagocytosis, cell fusion, and
inflammatory and fibrotic responses. With a growing body of
evidence shows major functional importance of calponin and
transgelin, there are major knowledge gaps that limit our
understanding of the biological function and regulation of
calponin and transgelin. Continued and extended research is
needed to further establish the physiological and pathological
significances of calponin and transgelin in human health and

diseases.
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