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a b s t r a c t 

Actin is a key structural protein that makes up the cytoskeleton of cells, and plays a role in functions such as 

division, migration, and vesicle trafficking. It comprises six different cell-type specific isoforms: ACTA1, ACTA2, 

ACTB, ACTC1, ACTG1, and ACTG2. Abnormal actin isoform expression has been reported in many cancers, which 

led us to hypothesize that it may serve as an early biomarker of cancer. We show an overview of the different 

actin isoforms and highlight mechanisms by which they may contribute to tumorigenicity. Furthermore, we 

suggest how the aberrant expression of actin subunits can confer cells with greater proliferation ability, increased 

migratory capability, and chemoresistance through incorporation into the normal cellular F-actin network and 

altered actin binding protein interaction. Studying this fundamental change that takes place within cancer cells 

can further our understanding of neoplastic transformation in multiple tissue types, which can ultimately aid in 

the early-detection, diagnosis and treatment of cancer. 
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Actin is an important and prominent structural protein that is found

n all cells of the body and has a role in multiple cellular functions such

s division, migration, chromatin remodelling, and vesicle trafficking.

his cytoskeletal protein is composed of several isoforms, all which con-

ribute to its diverse range of functions. Notably, these isoforms mainly

iffer from one another at in their N-terminal amino acid sequence, but it

s currently unclear whether these regions are responsible for the unique

unction of each isoform ( Fig. 1 ) [1,2] . In birds and mammals, four

f these isoforms are primarily expressed in skeletal, smooth, and car-

iac muscle: 𝛼skeletal -actin 1 (ACTA1), 𝛼smooth -actin 2 (ACTA2), 𝛼cardiac -

ctin 1 (ACTC1), and 𝛾smooth -actin 2 (ACTG2). The other two isoforms,

hich are ubiquitously expressed, are 𝛽cyto -actin (ACTB) and 𝛾cyto -actin

 (ACTG1) [2] . The varying 𝛼, 𝛽, and 𝛾 subunits play important roles

n cell motility, structure, integrity, and intracellular signalling [1,2] .

nterestingly, dysregulation of their functions is often found during ma-

ignant transformation of normal cells [3] . This led us to hypothesize

hat altered actin subunit expression is a hallmark of neoplasia with im-

lications in migration and cell survival. In this review, we look at how

n abnormal actin cytoskeleton interacts with tropomyosin, tropomod-

lin and actin binding proteins (ABPs) to confer neoplastic properties

o normal cells [4,5] . Additionally, we elucidate how early changes to

he actin cytoskeleton composition alters rates of actin turnover, F-actin

tability, and interactions with actin binding proteins. Lastly, we sug-
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est how this enables oncogenic processes such as increased migration,

ell proliferation, and survival in multiple tissue types. 

asic overview of actin dynamics 

The inherent ability of actin to exert the aforementioned functions

ithin cells depends on the polymerization and depolymerization capa-

ilities of actin fibers. Briefly, the genes encoding actin are first tran-

cribed and translated into globular monomers (G-actin). These actin

onomers join the rapidly growing barbed ( + ) end of the filament in the

ore stable ATP-state to form fibrous strands (F-actin) which function

o maintain structural integrity, support migration, and accomplish cell

ivision [1,2] . Then, ATP-hydrolysis takes place within the F-actin, and

his causes the ADP-monomers to begin to dissociate from the pointed

-) end faster than the ATP-bound ones [1] . This process of steady-state

olymerization and depolymerization is known as treadmilling ( Fig. 2 )

1] . 

However, the actual rates of filament assembly and disassembly

re modulated by actin binding proteins (ABPs). One of these ABPs is

rp2/3 whose main function is to create branch points by nucleating

he assembly of filaments and also acts to form cross-links [6] . Another

ell-known actin nucleator is a class of proteins known as formins which

ave an instrumental role in enhancing the nucleation of actin filament

ssembly, the bundling of filaments, and binding to the barbed ends to

nfluence the rate of elongation of actin fibers [7] . The actin depoly-

erizing factor (ADF)/cofilin family of proteins serve many functions
at there is no conflict of interest 
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Fig. 1. A schematic representation of the dif- 

ferent actin isoforms. Top panel - karyotype 

marking of the particular chromosome with 

the locus of each actin gene marked in red. Bot- 

tom panel – actin fibre schematic with regions 

of variability at the N-terminus of each actin 

isoform. Regions of the same colour represent 

an identical amino acid sequence . 

Fig. 2. Illustration of actin polymerization and 

steady-state treadmilling. ATP-actin subunits 

becomes added to the “+ ” or barbed end 

whereas the ADP-actin monomers dissociate 

from the “- ” end of the F-actin filament. 
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ithin the cell. It is responsible for producing the high rate of turnover

hich actin monomers are known to experience. Additionally, it func-

ions to depolymerize, nucleate, promote the disassembly of ADP-actin

onomers, and also sever actin filaments [6] . While ADF/cofilin dis-

ociates ADP-actin from the pointed end, an ABP called profilin adds

TP-actin to the barbed end, thereby growing the actin filament [6] .

onversely, Gelsolin is an ABP that functions to sever the actin filament
2 
s well as to cap the severed ends, thereby preventing re-annealing of the

onomers [6] . As the monomers within the polymerized filament “age ”,

heir ATP becomes hydrolysed to ADP, thereby causing them to dissoci-

te [6] . Thus, capping proteins such as profilin, gelsolin and CapZ bind

o the barbed-end of the actin filament to regulate actin dynamics by

locking the addition and loss of actin subunits [8] . On the other hand,

ropomodulin (Tmod) is a capping protein that binds to the pointed-
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nd of the actin filament (strongly in the presence of tropomyosin) to

egulate filament length and assembly [6] . 

The last actin binding protein that this review will highlight is

ropomyosin, because its altered expression levels are closely associated

ith the rearrangement of microfilament bundles, altered cell morphol-

gy, as well as increased cell motility [9] . Its primary role is to stabilize

ctin filaments to promote filament elongation by reducing the proba-

ility of filament severing [10] . It also plays a very important role in de-

ermining the steady-state polymerized actin levels within the cell [10] .

otably, the location of tropomyosin on the actin fibers suggests the

ossibility of competitive binding between tropomyosin and other actin

inding proteins [11] . Overall, there are many ABPs present within the

ell and they all have an important role in modulating actin dynamics

nder normal physiological conditions. 

on-redundant roles of the different actin isoforms 

Several knockout experiments have been performed in order to elu-

idate the role of each actin isoform. ACTA1, ACTB and ACTC1 knock-

uts were embryonic, perinatal or postnatal lethal, whereas knocking

ut ACTG1, ACTG2, and ACTA2 led to a viable organism with many car-

iac, muscular, and vascular developmental defects [12–18] . In ACTC1

nockout mice, a partial rescue was possible by heart-specific ACTG2 ex-

ression, but the hearts were hypodynamic, considerably enlarged, and

ad lower contractility [16,19] . Similarly, ACTG1 can be expressed in

CTA1-knockout mice for a partial rescue that yields some developmen-

al defects, still without completely restoring ACTA1 function [15,19] .

nockout phenotypes of ACTB and ACTG1 are vastly different despite

hese non-muscle actins showing similar sequence homology, biochemi-

al properties, and coexisting within the same cells [12–14,18,19] . Inter-

stingly, exogenously expressed smooth muscle actin incorporates into

tress fibers in smooth muscle cells, but not in endothelial cells [20] .

urthermore, non-muscle actin subunit expression in both muscle and

on-muscle cell types results in altered cell shape and poorly formed

tress fiber network [20] . These experiments support the hypothesis that

ctin isoforms have distinct functions depending on subunit type and the

ell type in which they are expressed. 

Notably, the directions for the functional complexity of each isoform

ay lie in their mRNA sequence. Work by Vedula et al. showed that

lthough the amino acid sequence at the N-termini of both ACTB and

CTG1 are very similar, editing the nucleotide sequence of ACTG1 to

ncode an ACTB-like protein can compensate for the loss of ACTB [21] .

his suggests that although the major differences between the isoforms

re found at the level of their amino acids, the mRNA sequence may

e more important in determining the ultimate protein function since it

irects the rate of synthesis and type of secondary protein modifications

21,22] . Ultimately, as this review further elaborates, the differences

resent within the genes encoding each isoform are associated with a

articular set of neoplastic functions. 

CTA1 

ACTA1 is a gene that encodes the skeletal muscle 𝛼-actin which is

he main isoform found in skeletal muscle, and is essential for mus-

le contraction [23] . Bioinformatics analyses have revealed that ACTA1

ene expression is altered in many cancers. For example, it is down-

egulated in head and neck squamous cell carcinomas and this is asso-

iated with tumorigenesis [24,25] . This decrease in ACTA1 expression

an serve as a prognostic marker for the poor clinical outcome of head

nd neck squamous cell carcinoma patients ( Table 1 ) [24,25] . Simi-

arly, it is downregulated in colorectal cancer, prostate cancer, and pan-

reatic adenocarcinoma through DNA hypermethylation and this is as-

ociated with aggressive carcinogenesis ( Table 1 ) [26–29] . In prostate

ancers with the PTEN mutation, ACTA1 expression is significantly cor-

elated with shorter patient survival [30,31] . Interestingly, stromal fi-

roblasts in prostate cancer tissue samples show increased expression
3 
f the cancer-associated fibroblast marker ACTA1 ( Table 1 ) [31] . The

resence of ACTA1 expressing fibroblasts in the prostate cancer stroma

s associated with increased tumour metastatic potential [31] . In the

ase of oral squamous cell carcinoma, high expression of ACTA1 is asso-

iated with shorter survival ( Table 1 ) [32] . Additionally, in basal-like

reast cancer, ACTA1 is a biomarker that is associated with chemoresis-

ance ( Table 1 ) [33] . 

There are many possible mechanisms by which the ACTC1 pro-

ein promotes oncogenesis. One possibility could be through annexins

hich are Ca 2 + -dependant, phospholipid-binding proteins that function

n vesicle trafficking, cell proliferation and apoptosis. Annexin expres-

ion is correlated with shorter survival, tumorigenesis, and the pro-

ression of malignant ovarian cancer. Notably, annexins have extensive

hysical interactions with ACTA1 [34] . ACTA1 could also regulate cell

igration through its involvement in the integrin-signalling pathway

 Fig. 2 ) [35] . More specifically, during conditions of mechanical strain

n normal skeletal muscle, integrin 𝛽1-mediated signalling results in

he activation of RhoA which induces the activity of several promoters,

ne being that of ACTA1, thereby increasing the cytoplasmic levels of

he ACTA1 subunit [36] . Another downstream protein that is activated

y RhoA is RhoA kinase (ROCK), which will result in the inhibition of

he F-actin-severing ability of the protein cofilin [37] . This in turn will

romote stress fiber formation [37] . When ACTA1 subunits are aber-

antly expressed in the cytoplasm, more of them are readily available

o form F-actin and stress fibers, which are implicated in cytoskeletal

tabilization, cell survival, migration and proliferation, all of which are

ownstream of the integrin-signalling pathway [37] . 

In the case of pancreatic ductal adenocarcinoma, expression of

CTA1 is a characteristic feature of cancer-associated fibroblasts ( Fig. 2 )

38] . Stromal progenitor cells and fibroblast-like cells show increased

CTA1 expression when undergoing a morphological change from a

pherical to flattened phenotype ( Fig. 2 ) [39] . Coincidentally, this

hange in cell shape also occurs during the epithelial-mesenchymal tran-

ition of cells undergoing malignant transformation, and confers a more

igratory phenotype to cells [40] . 

CTA2 

ACTA2 is a gene that encodes for smooth-muscle actin found in

he vasculature. It is primarily located in the microfilaments bundles

f smooth muscle cells and functions in its contractility (i.e. during

ody temperature homoeostasis) [41] . Interestingly, increased ACTA2

xpression is also associated with more distant metastasis and un-

avourable prognosis of lung adenocarcinoma, HER2 + breast cancer,

arly-onset colorectal cancer, bladder cancer, and non-small cell lung

ancer ( Table 1 ) [42–46] . Furthermore, the acquisition of ACTA2

s found in “activated ” myofibroblastic cancer-associated fibroblasts

f head and neck cancers, colorectal cancer, and pancreatic cancer

 Table 1 ) [47–49] . 

Mechanistically, ACTA2 plays an important role in the contractility

f myofibroblasts, and its elevated levels serve as a marker for oncogenic

ransformation of these cancer-associated fibroblasts ( Fig. 2 ) . [50] . Lee

t al [44] . previously reported that ACTA2 regulates c-MET and FAK

xpression, as well as positively influences the metastatic potential of

ung adenocarcinoma, and affects the prognosis ( Fig. 2 ) [44,51] . Work

y Milewicz et al [52] . showed that ACTA2 proliferative and secretory

ctivities as well as transition from a contractile to a synthetic phenotype

as the underlying mechanism of vasculogenesis [41,52] . Furthermore,

xplanted smooth muscle cells and myofibroblasts from patients with

utations in ACTA2 revealed that the increased proliferation of smooth

uscle cells contributed to occlusive diseases. Mutations to the ACTA2

ene can also lead to smooth muscle cell proliferation and subsequent

emodelling of the vascular wall [41] . Taken together, this suggests that

eregulated 𝛼-subunit expression can lead to uncontrolled proliferation

nd the activation of metastatic genes, which can thereby result in neo-

lastic transformation ( Fig. 2 ). 
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Table 1 

Summary of aberrant actin isoform expression in various cancers. 

Actin Isoform 

Cancer(s) in which it is 

aberrantly expressed Upregulated or Downregulated mRNA or Protein 

Tumour cells or tumour 

tissue analysed Clinical Outcome Reference 

ACTA1 Head and neck 

squamous cell 

carcinomas 

Downregulated mRNA and protein Cells and tissue Correlated with greater 

aggressiveness and shorter 

survival 

[24,25] 

Colorectal cancer Downregulated mRNA Tissue – [26] 

Prostate Downregulated in the cancer, 

Upregulated in associated 

cancer-associated fibroblasts 

mRNA Cells and tissue – [29,31] 

Pancreatic 

adenocarcinoma 

Downregulated mRNA Cells and tissue – [28] 

Oral squamous cell 

carcinoma 

Upregulated mRNA Tissue Shorter survival [32] 

Basal-like breast 

cancer 

Upregulated mRNA Tissue Associated with drug 

resistance 

[33] 

ACTA2 Lung adenocarcinoma Upregulated mRNA and protein Cells and tissue Shorter survival and early 

distant metastasis 

[44] 

HER2 + breast cancer Upregulated mRNA and protein Cells and tissue Shorter survival [43] 

Colorectal cancer Upregulated in the cancer, 

Upregulated in associated 

cancer-associated fibroblasts 

mRNA and protein Cells and tissue Shorter disease-free survival [45,49] 

Bladder cancer Upregulated mRNA Tissue Shorter survival [42] 

Non-small cell lung 

cancer 

Upregulated Protein Cells – [46] 

Head and neck cancers Upregulated in associated 

cancer-associated fibroblasts 

mRNA and protein Cells and tissue Shorter survival [47] 

Pancreatic cancer Upregulated in associated 

cancer-associated fibroblasts 

mRNA and protein Cells and tissue – [48] 

ACTB Sarcoma Upregulated Protein Cells – [56] 

Colon adenocarcinoma Upregulated Protein Cells – [53] 

Hepatoma Upregulated Protein Cells Greater metastatic potential [54] 

Melanoma Upregulated mRNA Cells – [58] 

Gastric cancer Upregulated mRNA Tissue – [62] 

oesophageal carcinoma Upregulated Protein Tissue – [59] 

Non-small cell lung 

cancer 

Upregulated mRNA Cells and tissue – [61,63] 

Breast cancer Upregulated mRNA Cells – [60] 

Lymphoma Upregulated Protein Cells – [66] 

Cervical cancer Downregulated Protein Cells [65] 

ACTC1 Head and neck cancer Upregulated Protein Cells Greater distant metastasis [76] 

Bladder cancer Upregulated mRNA Tissue – [79] 

Urothelial cancer Upregulated mRNA Tissue – [79] 

Prostate cancer Upregulated mRNA Tissue Predictor of the 

diseased/cancer state 

[78] 

Non-small cell lung 

cancer 

Upregulated mRNA Cells – [80] 

Breast cancer Upregulated mRNA Cells Multi-drug resistance [81,82] 

Glioblastoma Upregulated mRNA Cells Greater distant metastasis [77,83] 

ACTG1 Skin cancer Upregulated mRNA Tissue – [85] 

Hepatocellular 

carcinoma 

Upregulated Protein Cells and tissue Shorter survival and high 

expression is correlated to 

advanced tumour stage 

[87] 

Non-clear cell renal 

cell carcinoma 

Upregulated mRNA Tissue – [88] 

Colorectal cancer Upregulated Protein Cells Greater distant metastasis [90] 

Lung cancer Upregulated mRNA Cells – [89] 

Cervical cancer Upregulated mRNA Tissue Can serve as a biomarker for 

malignancy. 

[91] 

Acute lymphoblastic 

leukaemia 

Downregulated Protein Cells Resistance to 

microtubule-targeting agents 

[93] 

Neuroblastoma Downregulated Protein Cells Greater distant metastasis [86] 

Breast cancer Downregulated Protein Cells Drug resistance to anti-mitotic 

agents 

[94] 

Lung cancer Upregulated Protein Tissue – [92] 

Colon cancer Upregulated Protein Tissue – [92] 

Prostate cancer Upregulated Protein Cells – [92] 

Pancreatic cancer Upregulated Protein Cells – [92] 

Testicular cancer Upregulated Protein Cells – [92] 

Colorectal cancer Upregulated Protein Cells – [92] 

Oral squamous cell 

carcinoma 

Upregulated Protein Cells – [92] 

ACTG2 Hepatocellular 

carcinoma 

Upregulated mRNA and protein Cells and tissue Correlated with EMT and 

aggressiveness 

[96,97] 

4 



R. Suresh and R.J. Diaz Translational Oncology 14 (2021) 101051 

Fig. 3. A flow diagram of the different actin isoforms and how they contribute to tumorigenicity. ACTA1 = 𝛼skeletal -actin 1, ACTA2 = 𝛼smooth -actin 2, ACTB = 𝛽cyto -actin, 

ACTC1 = 𝛼cardiac -actin 1, ACTG1 = 𝛾cyto -actin 1 and ACTG2 = 𝛾smooth -actin 2. 
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CTB 

ACTB is a ubiquitously expressed cytoskeletal protein that plays a

ole in a wide variety of cellular functions such as cell growth, cell di-

ision, cell motility, immune response, gene expression, maintenance

f cell stability and cytoskeletal formation [13,53–55] . These functions

uggest that the deregulation of ACTB can play a role in cancer patho-

enesis. Interestingly, increased ACTB levels have been reported in a

umber of highly metastatic tumour cell lines - sarcomas, colon ade-

ocarcinomas, and hepatomas ( Table 1 ) [53,54,56] . Its expression is

ound to be much higher than normal in invasive melanomas, gastric

ancer, oesophageal carcinomas, non-small cell lung cancers, renal, ag-

ressive breast cancers, and cervical cancers ( Table 1 ) [57–65] . No-

ably, ACTB has also been found to be upregulated in drug-resistant

ymphomas ( Table 1 ) [66] . This isoform is essential for the migratory

apability of normal cells as knockdown results in decreased membrane

rotrusions at the leading edge of migrating cells, increased focal adhe-

ion formation and increased expression of genes that regulate myosin

ctivity [13] . 

The dynamic polymerization of actin is shown to contribute to tu-

our malignancy in some cancers [67–70] . In three adenocarcinoma

ell lines with high ACTB expression, G-actin levels were found to have

ecreased while F-actin levels increased ( Fig. 3 ). These cells demon-

trate high metastatic potential and invasion, which is in line with the

dea that the high level of actin polymerization is necessary for the for-

ation of pseudopods and cancer cell invasion to the surrounding tissues

 Fig. 3 ) [70,71] . ACTB may also play an essential role in maintaining

ell growth potential. Work by Kwiatkowski et al [72] . showed that loss

f ACTB methylation by a protein called SET Domain Containing 3 (an
5 
ctin histidine methyltransferase) leads to the depletion of F-actin and

ubsequent loss of cytoskeleton integrity ( Fig. 3 ). This destabilization of

he actin cytoskeleton through increased degradation of F-actin is a mas-

ive energy drain in the cell (causing up to 50% of total ATP consump-

ion), and can in turn cause the cell to resort to anaerobic metabolism,

hich increases lactate production [72] . The accelerated degradation

f the hypomethylated F-actin fibers is the reason for the increased de-

and of ATP and shift in cellular metabolism towards glycolysis [72] .

he interplay between F-actin stability and ATP consumption is an im-

ortant phenomenon to considergiven the increased metabolic demands

n cancer cells [73] . 

ACTC1 

ACTC1 is a gene that encodes the major protein of the cardiac sar-

omere thin filaments, which are responsible for cardiac muscle con-

raction [74] . Although it is expressed mainly in the heart and at lower

evels in skeletal muscle, there is evidence for cardiac actin isoform

xpression during early mammalian neurodevelopment [75] . Interest-

ngly, ACTC1 expression is shown to recur in many cancer types such

s brain, head and neck, bladder, urothelial, prostate, lung, and breast

ancers ( Table 1 ) [76–82] . Furthermore, in patients with the malig-

ant brain tumour glioblastoma (GBM), high ACTC1 mRNA expression

ay serve as a novel prognostic and invasion marker since it has been

orrelated with shorter survival and more frequent distant recurrence

 Table 1 ) [77] . Wanibuchi et al. showed that ACTC1 mRNA knockdown

n the U87 glioblastoma cells leads to impaired migration, which indi-

ates its potential role in cell motility [83] . High ACTC1 expression has

een associated with a lack of sensitivity to the mitotic inhibitor Pacli-

axel in a lung cancer cell line and is also highly correlated with altered

ell surface receptor linked signal transduction through sonic hedgehog
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80] . Microtubule-binding inhibitors of mitosis such as taxanes result in

ltered ACTC1 gene expression in breast and lung cancers [81,82] . It

as also been previously reported that ACTC1 is a hub gene that confers

hemoresistance in various tumours and its expression is upregulated in

ulti-drug resistant breast cancer cells ( Fig. 3 ) [82] . Thus, the presence

f elevated levels of ACTC1 may actually play a role in cancer cell sur-

ival, but the mechanism by which it does so remains to be elucidated.

CTG1 

ACTG1 encodes for the cytoskeleton protein 𝛾-actin which functions

n non-muscle cells and is abundant in the auditory hair cells of the

ochlea. This actin isoform is essential for the shape and function of

tereocilia of hair cells, and plays a role in the internal cell motility

84,85] . Suppression of this isoform results in impaired migration of

H-EP neuroblastoma cells [86] . Interestingly, work by Dong et al [85] .

howed that ACTG1 is expressed at significantly higher levels in skin

ancer tissue ( Table 1 ). It was also found that overexpressing ACTG1

n a squamous cell carcinoma cell line promotes growth and migra-

ion via inhibition of the ROCK pathway, leading to the reduction of

yosin light chain phosphorylation ( Fig. 3 ) [85] . In hepatocellular car-

inomas, ACTG1 is overexpressed compared to adjacent normal tissues,

nd this promotes proliferation by upregulating cyclin-dependant ki-

ases, inhibiting the mitochondrial apoptotic pathway, and promoting

he Warburg effect by increasing cellular aerobic glycolysis, all which

romote tumorigenicity ( Fig. 3 ) [87] . A potential mechanism through

hich this works was found in non-clear cell renal cell carcinomas in

hich ACTG1 fuses with micropthalmia-associated transcription factor

MITF), and this dimer drives the transcription of downstream genes to

romote anchorage-independent growth [88] . Corroborating with this

nding, high ACTG1 expression is associated with greater metastatic

otential and worse prognosis in hepatocellular carcinomas, colorectal

ancer, lung cancer, cervical cancer ( Table 1 ) [87,89–91] . The overex-

ression of ACTG1 has been associated with many malignant and inva-

ive cancer types such as breast, lung, colon, prostate, pancreatic, tes-

icular, colorectal, and oral squamous cancers ( Table 1 ) [92] . 

Work by Dugina et al [92] . shows that, the upregulation of 𝛾-actins

s induced by the downregulation of 𝛽-actins, while keeping the total cy-

oplasmic actin levels relatively the same, which supports the presence

f endogenous compensatory mechanisms to maintain the homoeostasis

f actin isoforms. Interestingly, the downregulation of 𝛽-actin leads to a

ore motile cell phenotype while the downregulation of 𝛾-actin induced

 more contractile one. Overexpressing 𝛽-actin lead to a more “normal ”

henotype and increasing 𝛾-actin led to a more transformed one with a

hange in morphology to become more fan-like [92] . This suggests that

he endogenous balance of actin isoforms can play a role in altering cell

orphology and producing certain cancer phenotypes. 

Interestingly, at the microtubule level, a decrease in ACTG1 levels

n acute lymphoblastic leukaemia is associated with resistance to anti-

icrotubule drugs and protects microtubules from the action of both sta-

ilizing and destabilizing agents ( Table 1 ) [93] . This shows that the ex-

ression level of ACTG1 plays a role in regulating microtubule integrity.

icrotubule disruption can activate RhoA and induce actomyosin con-

raction via myosin phosphorylation, which can in turn trigger tumori-

enesis ( Fig. 3 ) [93] . An experiment was performed in which ACTG1

as depleted in neuroblastoma and breast cancer cells, and this resulted

n centrosome amplification, subsequent formation of multipolar spin-

les, as well as improper chromosome segregation, all which resulted

n mitotic abnormalities [94] . Thus, 𝛾-actin plays a role in maintaining

entrosome integrity and regulating mitotic progression. 

CTG2 

The final actin isoform that will be discussed is ACTG2, which is

pecifically expressed in smooth muscle cells of the intestinal and uro-

enital tracts, and functions in the contraction of smooth muscle in these
6 
rgans [95] . In the context of hepatocellular carcinoma, ACTG2 is as-

ociated with epithelial to mesenchymal transition and the stem like

roperties of those cells. It also serves as a marker for aggressiveness of

his cancer ( Table 1 ) [96,97] . A reason for the increased oncogenic po-

ential/aggressiveness and invasive ability of these cancer cells would

e the activation of Notch1 signalling as well as ERK1/2 activation by

CTG2 ( Fig. 3 ) [27,92,97] . Activation of the ERK-MAPK pathway leads

o lamellipodial protrusions, which then leads to the subsequent activa-

ion of the WAVE2/Arp2/3 polymerization complex, resulting in actin

eorganization [98–101] . Although this particular isoform has an im-

ortant physiological role, literature on its dysregulation in the context

f cancer is limited. 

he role of actin in mitochondrial apoptotic signalling 

Actin filaments can facilitate apoptosis signalling in cells. In fact, the

olymerization of actin can regulate apoptosis via the intrinsic pathway.

he disruption of actin filament dynamics by the drug Cytochalasin D,

hich binds the barbed end of F-actin preventing polymerization, can

nduce caspase 3-mediated apoptosis in T-lymphocytes [102] . Addition-

lly, the release of pro-apoptotic Bmf from myosin V-actin complex upon

ytochalasin D treatment has also been found to induce mitochondria

ediated apoptosis [103] . In mouse fibrosarcoma cells, Cytochalasin D

nduces mitochondrial cytochrome c release, which is a marker of mito-

hondrial permeability transition pore formation [104] . In yeast cells,

ctin point mutations that result in reduced actin dynamics or F-actin

tabilizing drug Jasplakinolide increase the cell susceptibility to apop-

osis due to mitochondrial membrane depolarization and accumulation

f reactive oxygen species (ROS) [105] . 𝛼 G-actin from muscle is more

ffective than 𝛽 or 𝛾 G-actin at reducing the conductance of mitochon-

rial voltage-dependant anion channels (VDACs) in the yeast Neurospora

rassa [106] . This modulation of VDAC is lost in the presence of F-actin

tabilization ( Fig. 4 ) [106] . These observations indicate that alterations

n actin dynamics and actin subunit expression may regulate the mito-

hondrial signal for intrinsic apoptosis. 

Another possible mechanism whereby actin isoforms regulate cellu-

ar apoptosis is through modulating the opening of VDACs through di-

ect or indirect protein-protein interactions [106,107] . Apart from reg-

lating mitochondrial membrane potential, actin could also act down-

tream of mitochondrial transition pore formation. To elaborate, actin

as been shown to be cleaved by caspases to 32-kDa (Fractin) and 15-

Da (tActin) fragments [108] . The tActin fragment then undergoes N-

yristoylation to target it to the mitochondria where it leads to mito-

hondrial transition pore formation, the caspase signalling cascade, and

ellular morphological changes that resemble those observed in apop-

otic cells [108,109] . Here, the change in isoform levels would alter for-

ation of the tActin fragment in response to mitotic stress. Therefore,

berrant expression of actin isoforms may alter the propensity of cancer

ells to undergo apoptosis ( Fig. 4 ). 

he effect of subunit composition on actin polymerization 

The incorporation of new subunits into the already established F-

ctin network may disrupt its normal function ( Fig. 4 ). It is believed that

uscle and non-muscle actins do not incorporate into the same filaments

n-vivo due to their higher amino acid divergence [110] . However, 𝛽- and

-isoforms, which only differ by 4 amino acids in the N-terminal region

istant from polymerization interfaces, can co-polymerize in mixtures

f purified recombinant protein ( Fig. 1 ) [111] . Under normal condi-

ions, it has been found that ACTC1 is able to incorporate into ACTA2

olymers in-vitro whereas ACTB and ACTG1 cannot [20] . The different

ocalization of the ACTA1, ACTA2, ACTC1 and ACTG2 isoforms suggest

hat they may not co-polymerize in cells. For example, ACTC1 is local-

zed at the sarcomere of cardiac (and muscle) cells, and co-expression of

CTA1 with ACTC1 and ACTA2 with ACTG2 did not affect localization

f sarcomeric proteins [20,112–114] . 
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Fig. 4. Flow diagram of the potential mechanisms by which altered F-actin composition can promote tumorigenicity. . 
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To test the different stabilities of polymers formed by actin isoforms,

heological experiments were performed which revealed that the ACTA1

el was most elastic, smooth muscle ACTB and ACTG2 gels were less

lastic, and the cytoplasmic ACTB gel did not form an elastic gel at all

113,115] . Furthermore, the polymers formed by 𝛽- and 𝛾-actin have a

ower stability compared to sarcomeric 𝛼-actin, and in yeast, this lower

tability of F-actin results in greater filament fragmentation [113] . The

ate of filament turnover has a role in the mitotic stress response as well

s in migration and invasion of cancer cells ( Fig. 4 ) [116,117] . To sup-

ort this further, it has been demonstrated that polyploidal giant cancer

ells as well as breast cancer cells have more stress fibers of greater

hickness and length [118,119] . These cells also show an upregulation

f actin cytoskeletal elements, which results in stiffer gross-tumour rhe-

logical properties as well as increased migratory capability [119] . 

It has been found that 𝛼 and 𝛽-actin as well as 𝛼 and 𝛾-actin copoly-

ers show a linear relationship between the mixing ratio of actin sub-

nits with respect to each other, as well as their resulting ATPase activity

120] . This hybrid F-actin behaves correspondingly to its isoform com-

osition suggesting the independent function of each actin compared to

ne another [120] . This is interesting because 𝛽- and 𝛾- actin polymers

iffer in their polymerization kinetics, inorganic phosphate release and

readmilling [111] . These biochemical differences between the two iso-

orms were exacerbated when Ca 2 + was used with the actin rather than

g 2 + [19,111] . The preference for certain cations may allow cells to

apidly respond to signals by using a specific actin isoform [19,111] . A

imitation that should be noted is that the co-polymerization of actin iso-

orms has only been studied in select cell types as it is generally assumed

hat copolymers do not commonly exist in vivo [120] . 

The rates of polymerization of F-actin appear to also depend on the

soform of the constituent subunits. 𝛼-, 𝛽- and 𝛾-actins all have differ-

nt rates of polymerization, resulting in different filament stabilities,

longation and turnover rates [111,121–123] . This in turn could affect
7 
ell survival during mitosis since cells undergoing mitosis experience

ncreased plasma membrane tension and actively assemble a stiff actin

ortex ( Fig. 4 ) [124–126] . Taken together, the subunit composition of

he F-actin network plays an important role in maintaining cell integrity

uring mitosis and abnormal constituents within the polymerized fila-

ent may result in a disease phenotype. 

he role of actin isoforms in altering interactions with tropomyosin 

Changes in tropomyosin (TM) isoform expression have been shown

o accompany neoplastic cell transformation [127] . Furthermore, dif-

erent TM isoforms show binding specificity to different F-actin iso-

orms [127] . When a human, rodent or chick fibroblasts are transfected

ith a non-cell-type specific isoform, the expression of its associated

Ms is altered, suggesting that actin microfilament composition regu-

ates tropomyosin expression [128–130] . It has been found that revers-

ng this actin-initiated altered tropomyosin expression can also revert

he cancer phenotype (i.e. cell spreading, microfilament organization

nd contact-inhibited cell growth) to a large extent in many cell types

127,131–135] . However, the synergistic restoration of the proper ex-

ression levels of multiple TM isoforms reverted the actin organization

nd ultimately the cancer phenotype of neuroblastomas as well as Ras-

ransformed NIH3T3 cells to a much greater extent than just one isoform

lone [127,135,136] . 

Mechanistically, aberrant actin isoform expression in cancer can re-

ult in abnormal actin-tropomyosin binding interactions within the cells,

hereby causing greater actin polymerization at the leading edge and

ubsequent cellular contraction ( Fig. 4 ) [137] . Dysregulated actin dy-

amics can be seen when an alteration to the filament occurs since this

isrupts the electrostatic contacts between the F-actin and TM [138] .

ltering TM-binding would affect the binding of ABPs such as cofilin as

ell as the loss of inhibition of actin filament branching and nucleation
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t the leading edge by the Arp2/3 complex. This will lead to altered

olymerization/depolymerization kinetics and promote cell migration

 Fig. 4 ) [11,139–141] . ( Fig. 4 ) [141] . Furthermore, the resulting al-

ered TM expression can work in conjunction with actin to affect rates

f mammalian cell division and regulate cytokinesis through TM local-

zation in the contractile ring of dividing cells to maintain cell stiffness

 Fig. 4 ) [142,143] . Lastly, the abnormal expression of TM can impact

rganelle trafficking and the contacts of different myosin motors with

ctin, all which all which affects downstream cellular pathways ( Fig. 4 )

144–146] . 

By the same token, different tropomodulin (Tmod) isoforms are also

ound in regions where their preferred actin isoform binding partner

s located. For example, Tmod1 is abundant in post-mitotic, terminally

ifferentiated cells [147] . Tmod3 is mainly found in dynamic cellular

ontexts such as those of the dendritic actin network in the leading

amellipodia of migrating endothelial cells as well as in proliferating ery-

hroblasts [147] . Tmods1 and 3 cap the pointed ends of ACTA1, ACTB

nd ACTG1 [147] . However, in the absence of tropomyosin, only Tmod3

ould sequester ACTB and ACTG1, but not ACTA2 [147] . Tmod1 can in-

uce conformation changes in 𝛼/ 𝛽TM and ACTA1, thereby potentially

ctivating downstream molecular pathways ( Fig. 3 ) [147] . 

ltered ABP interactions due to changes in actin polymerization 

Differences in actin isoforms can be found with the acidic residues

t the NH2-terminus between actin isoforms, which acts like a fishing

od to recruit ABPs ( Fig. 1 ) [148–150] . Thus, variations in this region

an modulate the binding affinities of different ABPs such as cofilin,

tropin, formin and myosin, resulting in altered actin polymerization

inetics, cell migration, adhesion, cytokinesis, and cytoskeletal mainte-

ance ( Fig. 4 ) [151–156] . For example, the greater affinity of cofilin

o 𝛽 and 𝛾-actins compared to 𝛼-actin implies that smaller amounts of

ofilin will cause those actin filaments to twist and sever [157] . Further-

ore, the upregulation of TMs 1.1, 1.2 and 3.1, which is a consequence

f aberrant actin isoform expression, can cause increased binding of gel-

olin, which will also increase its rates of actin assembly and disassembly

158] . Taken together, this suggests that changes in the rates of actin

ssembly-disassembly, polymerization, elongation and severing which

an have downstream effects in the intracellular trafficking, cell migra-

ion, and proliferation. 

linical translation 

An understanding of the diversity of actin subunit expression and

unction in multiple cancers may help to stratify patients into higher

isk groups which may benefit from different treatment strategies. Fur-

hermore, understanding how expression of subunits such as ACTA1,

CTA2, ACTB, ACTC1, and ACTG1 can promote chemoresistance

gainst anti-microtubule agents in certain tumours could help to de-

ign new therapies to overcome such resistance. Drugs that disrupt actin

olymerization or induce filament severing have been previously de-

cribed; however, a major challenge in using these drugs in patients is

hat they would disrupt actin function in all cells in the body [159] . Re-

ently, a more targeted approach aiming to disrupt specific tropomyosin

nteractions with actin has been presented. Small molecule inhibitors

f TM 3.1 such as TR100 and ATM-3507 are used to destabilize TM

.1-containing filaments with great effectiveness in vitro and in vivo .

160–162] . Another approach to target the actin cytoskeleton would

e through the use of migrastatic agents that target actin polymeriza-

ion.These include actin destabilizing compounds (i.e. cytochalasins,

eodiamolides, and latrunculins), as well as stabilizing compounds that

nitiate dysregulated polymerization, monomer depletion, or formation

f actin aggregates (i.e. jasplakinolide, chondramide, and cucurbitacin).

he goal of this approach is to effectively inhibit cell invasion and metas-

asis [163] . Further understanding of the specific interactions of actin
8 
ubunits that result in sustaining migration and cell survival may pro-

ide new avenues for rational design of drugs targeting aberrant actin

ignalling in cancer cells with less toxicity to normal cells. 

onclusion 

In conclusion, actin has diverse biological function beyond just main-

aining the structural integrity of cells or regulating cell motility. The

ctin composition of cells and subsequent altered F-actin properties

an contribute to neoplastic transformation by driving tumour growth

nd promoting metastasis. Studying this fundamental change that takes

lace within cancer cells can further our understanding of oncogene-

is. Furthermore, aberrant actin isoform expression could be used as a

iomarker for the early onset of cancer, serve as a potential therapeutic

arget, and even act as an indicator for the efficacy of currently used

hemotherapeutic agents. 
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