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Metastasis causes death of 90% of cancer patients, so it is the most significant issue associated with cancer disease. Thus, it is no
surprise that many researchers are trying to develop drugs targeting or preventing them. The secondary tumour site formation
is closely related to phenomena like epithelial-to-mesenchymal and its reverse, mesenchymal-to-epithelial transition. The change
of the cells’ phenotype to mesenchymal involves the acquisition of migratory potential. Cancer cells movement is possible due
to the development of invasive structures like invadopodia, lamellipodia, and filopodia. These changes are dependent on the
reorganization of the actin cytoskeleton. In turn, the polymerization and depolymerization of actin are controlled by actin-
binding proteins. In many tumour cells, the actin and actin-associated proteins are accumulated in the cell nucleus, suggesting
that it may also affect the progression of cancer by regulating gene expression. Once the cancer cell reaches a new habitat it
again acquires epithelial features and thus proliferative activity. Targeting of epithelial-to-mesenchymal or/and mesenchymal-
to-epithelial transitions through regulation of their main components expression may be a potential solution to the problem of
metastasis. This work focuses on the role of these processes in tumour progression and the assessment of therapeutic potential of
agents targeting them.

1. Introduction

Actin is a highly conservative protein commonly occurring in
eukaryotic cells. In nonmuscle cells, actin represents 1–5% of
all cell proteins, whereas for muscle cells it can be even up to
10%. In eukaryotic cells, we may distinguish two main actin
forms: globular G-actin and fibrillar F-actin. The globular
form is a 43 kDa monomer, while the fibrillar is a long-
chained polar polymer resulting from the G-actin polymer-
ization [1]. The globular form is spread evenly between cyto-
plasm and nucleoplasm; the distribution of F-actin filaments
depends on the cell type, its role, and the cell cycle phase in

which it is located [2–6]. Reorganization of the actin structure
and the transition between its forms play a significant role
in many of the most important cellular processes like cytoki-
nesis, cell differentiation, and death [6–8]. The presence of
fibrillar actin has been observed in both suspension and
adherent cell lines. It was proved that F-actin occurs in form
of short fibres in the leukemia cells cytoplasm [9–11] while in
the case of adherent cells it was observed for example as stress
fibers [12]. Both actin forms also play a role in pathological
events like cancer transformation [13] or cells’ response to the
negative effects of external factors like mechanical stress [14]
or chemicals [12]. Undeniable evidence that fibrillar form of
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actin can be visualized using phalloidin in stress conditions
such as cytostatic drugs induction or heat shock was pre-
sented by Grzanka et al. [15, 16]. As a result of cell death
induction round structures of F-actin were observed inside
the cell nucleus. This effect occurred in the sequences poorly
stainedwithDAPI and therefore probably in theDNAregions
rich in G-C pairs with high transcriptional activity [17].

For many years scientists questioned the presence of F-
actin in the cell nucleus, however as it was proven byMcDon-
ald et al. polymeric and monomeric actin forms can be
observed in the nucleus by photobleaching [18]. Additionally,
Izdebska et al. presented a simple, phalloidin-based method
of F-actin detection at theTEM(transmission electronmicro-
scope) level using streptavidin-conjugated CdSe/ZnS semi-
conductor quantum dots and the combination of pre- and
postembedding techniques [19], although it is still unclear
whether its presence is continuous or only periodical. Nev-
ertheless, many studies indicate the important role of actin in
processes occurring in the cell nucleus [20–22]. Nuclear actin
is proved to be a part of chromatin remodelling complexes
and transcription machinery; it is also included into newly
synthesized ribonucleoproteins [23]. In addition, it has an
impact on long-range chromatin organization, nucleocyto-
plasmic transport, and nucleus structure [21, 22, 24].The con-
tribution of nuclear actin in chromatin remodelling during
active cell death has been confirmed by the SATB1 (special
AT-rich sequence-binding protein-1) and F-actin colocaliza-
tion in transcriptionally active regions of the nucleus. It has
also been shown that interactions between the SATB1 and the
densely packed F-actin are present at the boundary between
condensed and noncondensed chromatin regions [6, 25].

2. Transport of Actin in and out of a Nucleus

Although actin does not contain a classical NLS (nuclear
localization sequence), it is still likely that it penetrates from
the cytoplasm to the nucleus due to translocation, as many
ABPs (actin-binding proteins) comprise NLS [26]. One of
these proteins is CFL-1 (cofilin-1), which was proved to be
responsible for the accumulation of actin in the cell nucleus
in a response to stress conditions [27]. It has been shown
that, due to doxorubicin-induced cell death in the case of the
CHOAA8 cell line, change in the expression of nuclear cofilin
occurs. This phenomenon was associated with the increased
value of actin translocation from the cytoplasm to the nucleus
[28]. However, it has not been clarified yet whether this pro-
cess takes place under physiological conditions [27]. Grzanka
et al. also demonstrated that the downregulation of cofilin-1
during doxorubicin treatment results in suppression of apop-
tosis and induction of cell death primarily through mitotic
catastrophe.They concluded that the mitotic catastrophe as a
cell death mechanism is independent of F-actin while cofilin
is a potential apoptosis inducer [12]. In 2012 Dopie et al.
presented another factor involved in actin translocation to the
nucleus, importin 9 (IPO9) [29]. Afterwards, Izdebska et al.
described the correlation between downregulation of IPO9
and the statistically significant decrease in the percentage
of apoptotic cells as well as the increase in actin content in
both cytoplasm and cell nucleus of MCF-7 cells. It was also

associated with the increase in CFL1 expression.The obtained
results suggest that CFL1 is not the only essential factor for
effective actin translocation to the nucleus as this process also
requires the presence of IPO9 [30]. On the other hand, the
export of actin from a nucleus to cytoplasm usually requires
nuclear transport receptors from 𝛽-importin superfamily.
One of the representatives is Exp-6 (exportin-6), which in
the complex with profilin participates in the transition of
actin from the nucleus [31]. It has also been proved that the
downregulation of Exp-6 expression in H1299 cells results in
cell adhesion abnormalities, indicating the important role of
accurate actin distribution between cytoplasm and nucleus in
the preservation of proper cell adhesion [32] (Figure 1).

3. Epithelial-Mesenchymal
Transition and Its Connection with
Intracellular Actin Organization

The studies presented above point to the important role of
actin and its structural changes in both cell survival and active
death. However, the connection between this protein and
the occurrence of EMT (epithelial-mesenchymal transition)
has also been confirmed. EMT was first described in early
80s by Greenburg and Hay as a process in which epithelial
cells acquire characteristics of mesenchymal phenotype and
lose their connections to neighbouring cells [33]. This phe-
nomenon plays an important role in the embryo implantation
and initiation of the placenta formation [34]. In a response to
growth factors such as TGF-𝛽 (transforming growth factor
𝛽) or EGF (epithelial growth factor) EMT is induced through
activation of Wnt and Notch signalling pathways, which
causes downstream activation of such transcription factors
as Snail, ZEB, Smad, and Twist [13]. In the next stage E-
cadherin (epithelial cadherin) is degraded, which results in
plasmamembrane disintegration and breakage of interaction
with 𝛽-catenin; simultaneously the expression of the main
EMT markers, N-cadherin (neural cadherin) and vimentin,
rises [35]. As a result of EMT epithelial cells lose their polarity
and junctions, while gaining migratory potential and inva-
siveness. Changes in the structure of the cytoskeleton and the
expression of genes responsible for cell shape can also be ob-
served [35].

One of the main features of epithelial cells is their
integrity, which is maintained by the presence of several
intercellular connections types like tight junctions, adherens
junctions, and desmosomes [36]. The essential element in
both stabilization and regulation of junctions functioning is
interactions of adhesion proteins with actin [37].The connec-
tion of adhesion proteins with cytoskeleton components and
signalling molecules is possible due to the presence of cyto-
plasmic tails.Their bonding allows the intracellular transport
of molecular signals [38–41]. Harris et al. also confirmed
the relationship between actin filaments and cadherins and
indicated their key role in AJs (adherens junctions) creation
[42, 43]. It was also shown that, in early stages of the EMT,
AJs are destroyed by the degradation or displacement of
junction proteins. This is associated with decrease in claudin
and occludin expression [36].The entire process of transition
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Figure 1: Transport of actin in and out of the cell nucleus. Actin is imported into the nucleus in complex with cofilin by nuclear import factor,
importin 9. Actin is exported outside the nucleus in complex with profilin by nuclear export factor, exportin-6.

from the epithelial-to-mesenchymal phenotype must be pro-
ceeded by strict control of cell motility programs by regulat-
ing gene expression, posttranslational modification of pro-
teins, and reorganization of the cytoskeleton. Changes in the
organization of cortical actin cytoskeleton occurring in the
course of EMT result in gaining of fibroblastic morphology
by cells, which in turn allows the polarized assembly of
the cytoskeleton to form protrusive and invasive structures.
That creates the possibility of cell elongation and changes
directional motion dynamics [44].

Due to the varied effects of the EMT process, it was
classified into three types. The first one is type-1 EMT, which
occurs during embryogenesis, the second is type-2 EMT that
can be observed in the course of wound healing, and the third
is type-3 EMT, which contributes to tumour progression and
metastasis [35] (Figure 2).

In terms of intracellular signalling type-1 EMT is insepa-
rably connected with the Wnt pathway. Embryos with Wnt3
deficiency cannot undergo EMT connected with gastrulation
[45], while Wnt8c ectopic expression results in multiple
primitive streaks [46]. Moreover, deficiencies in some ofWnt
pathway mediators like Nodal and Vg1 were also associated
with lack of functional EMT [47, 48]. In turn, type-2 may
be triggered by release of growth factors such as EGF, PDGF,
FGF-2, or TGF-B near the injury site [49, 50]. Gradient of
growth factors along with the chemoattractants produced by
the immune system cells causes the transition epithelial cells
migration to the wound in order to remove a damage. In the
case of type-3 EMT, growth factors such as HGF, EGF, PDGF,
and TGF-𝛽 are also involved. However, this process is more

complicated and includes the involvement of transcription
factors, Snail, Slug, and ZEB1 (zinc finger E-box binding
homeobox 1), as well as other factors, 𝛽-catenin, actin, ABPs,
or Ras proteins [35]. Some of them are described in more
detail in the next section of the article.

4. Role of Actin Dynamic in EMT and
Its Association with Metastasis and
Cancer Progression

The epithelial-mesenchymal transition in the course of a
cancer is generally associated with negative effects and worse
prognosis. EMT increases the migratory potential and inva-
siveness of abnormal cells, which increases the risk of metas-
tasis [51]. Perl et al. proved that in transgenic mouse model
of pancreatic 𝛽-cell carcinogenesis the change of phenotype
from a well-differentiated adenoma to invasive carcinoma
is associated with the loss of E-cadherin expression [52].
Also in the case of breast cancer hypoxia-induced decrease
in expression of E-cadherin correlated with an increase in
the migratory potential of cells [53]. Another example may
be the increased expression of the Notch-1 protein in bone
metastases of prostate cancer in comparison to the primary
tumours [54]. In addition, in colorectal cancer, the loss
of membranous 𝛽-catenin led to tumour cell budding, a
morphological marker of aggressiveness and invasiveness of
this cancer cell type [55]. However, the fact that in metastases
also mainly cells with epithelial phenotype were found
remains problematic.The explanationmay be the occurrence
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Figure 2:Themost important features of epithelial-to-mesenchymal transition (EMT). During EMT downregulation of E-cadherin, occluding,
claudin, and ZO1 and upregulation of N-cadherin and vimentin occur.

of reverse to EMT process, MET (mesenchymal-epithelial
transition) at the site of secondary tumour formation [56].
MET is again associated with changes in E-cadherin expres-
sion and proliferative activity. Brabletz et al. have proved
that well-differentiated central tumour cells of primary colon
cancer exhibit only cytoplasmic 𝛽-catenin expression, which
coincides with the pattern of expression in healthy colon
epithelial cells. With the acquisition of tumour cell inva-
siveness, they begin to exhibit strong nuclear expression of
𝛽-catenin, which is not observed in the well-differentiated
metastatic cells [51, 57]. These evidences suggest the occur-
rence of rechange in the phenotype of the cells in the metas-
tasis site (Figure 3). This stage of cancer progression can also
be the target of potential drugs [58]. Another issue connected
with EMT is the presence of CSCs (cancer steam cells), which
stands for the subpopulation of tumour cells capable of form-
ing secondary tumours. It was suggested that transformation
of non-CSC to CSC requires EMT [59].

Ability tometastases creation is one of themost important
features acquired by the cancer cells contributing to tumor
progression. This requires movement of cells from a primary
tumour to a new habitat. This process is closely related to
EMT and consists of several steps.The first one is the removal
of the cell from a primary tumour, which is followed by intra-
vasation of the blood vessels. The next stage is extravasation
and implantation of the cell in another body compartment.
The last step is cell proliferation leading to the formation of a
secondary tumour [60]. Cell migration is facilitated by the
polymerization and depolymerization of actin. The poly-
merization is connected with the formation of membrane
projections such as sheet-like membrane protrusions, lamel-
lipodia, or spike-like extensions at the edge of lamellipodia

called filopodia [61]. This was confirmed by a study using
growth factors to stimulate cell migration. As a result of EGF
activity, lamellipodiawas formed after just a fewminutes [62].
Another study showed that in the lamellipodium structure
amount of the polymerized actin is approximately 3.3 times
higher than the monomeric form [63]. Abnormal expression
of growth factors in case of cancer leads to excessive cell pro-
liferation and migration [64, 65] and has been found in such
cancers types as colorectal carcinoma [66] or glioma [67]. In
addition, an increased level of growth factors in the serumhas
been associatedwith higher risk of lung [68] and prostate [69]
cancer. Actin also contributes to the survival of tumour cells
during transport in blood vessels, as it protects them from
degradation and makes productive connections with blood
cells such as erythrocytes or thrombocytes, which prevents
cancer cells from the immune system action [61]. The next
step, extravasation, also requires actin’s presence. Escape from
the vasculature involves attaching the cell to the endothelium,
passing through the vascular wall, and ECM (extracellular
matrix) to establish a new tumour site. ECM penetration is
possible thanks to actin-rich dynamic protrusions invadopo-
dia, which exert a proteolytic function in ECM degradation
allowing cells to enter into new environments [70]. Finally, in
case of EMT increased cell contractility and actin stress fibre
formation can be observed.These dynamic reorganizations of
actin structure are probably mediated by regulatory proteins
such as myosin [71], but the molecular mechanisms control-
ling F-actin dynamics during EMT remain to be elucidated.
However, Gagat et al. proved that the stabilization of F-actin
induced by overexpression of TPM1 (tropomyosin-1) led to a
decrease in the percentage of the late apoptotic and necrotic
cells in response to treatment epithelial cells line EA.hy926
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with L-homocysteine thiolactone hydrochloride [72]. At the
same time overexpression of TPM1 obtained by introducing
an additional copy of the gene in the plasmid does not affect
the cell migratory potential, although it has prevented cells
from mobility reduction caused by L-homocysteine as in
wound healing assay; after the 12 h culture the wound was
almost completely repaired in case of cells with TPM1 over-
expression, while for cells transfected with the empty plasmid
the edges of the wound were still clearly visible. The study
also outlined the conclusions regarding 𝛼-catenin contribu-
tion to the suppression of actin polymerization within intra-
cellular junctions.This information is consistentwith the data
obtained byYamada et al. which suggest that there is no possi-
bility of simultaneous bounding of the E-cadherin-𝛽-catenin
complex and actin filaments by 𝛼-catenin [73, 74]. Further-
more, researchers on the base of 𝛽-catenin and the ZO-1
fluorescence signal reinforcement in cells with tropomyosin-
1 upregulation suggested that F-actin increases the number of
cell-cell junctions [72].

The process of actin microfilaments creation and decom-
position is controlled by actin-binding proteins (ABP). They
can influence the dynamics of the polymerization by releas-
ing the monomers of actin from the protein complexes
(actin/profilin), blocking the ends of the microfilaments
(gelsolin, vilin, and fragmin), branching (Arp 2/3 complex),
formation of new polymerization sites (cofilin), microfila-
ments bundles creation (fascin, fimbrin), and the stabilization
of actin networks (formins) [75]. In turn, the binding of the

monomeric or polymeric form by ABP is strictly controlled
by intracellular protein signalling cascades. In response to
internal (osmotic pressure, Ca2+ concentration) or external
factors (growth factors) ABPs activate the GTPases of the
Rho family. Rho GTPases are the main regulators of actin
dynamics and controllers of actin rearrangement during
EMT.

Many studies on the function of Rho proteins indi-
cate their contribution to the creation of actomyosin-based
structures and regulation of their contractility. In the wide
range of mammalian cell cultures addition of activated Rho
protein leads to enhanced accumulation of stress fibres [76].
This protein is also necessary to heal small incisions in the
chicken embryo in vivo, which involves the contraction of an
actin-based purse-string [77]. Rho action is additionally
required for smooth muscle cells contractions [78]. These
processes are mediated by ROCK (Rho-associated kinase),
which phosphorylates light myosin chains and increases cell
contractility [79]. In addition, Rho can increase the total
amount of F-actin in the cell by promoting its polymerization,
probably from new nucleic sites, rather than by their forma-
tion. However, this effect is varied for different cell cultures
types [80]. As a result of Rho activation, ROCK interacts
with the DIA1 (formin diaphanous 1) and promotes actin
polymerization [81]. Rho-family GTPases control the actin
cytoskeleton functioning in epithelial as well as in mesenchy-
mal cells and seem to play an important role in both devel-
opmental and cancer-related EMT [44]. The activity of Rho
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GTPases is strictly controlled by GEFs (guanine nucleotide
exchange factors), GAPs (GTPase-activating proteins), and
GDIs (guanine nucleotide dissociation inhibitors) [82]. Due
to the confirmed presence of both Rho GTPases and their
activators, the contribution of these proteins to the polymer-
ization of nuclear actin can also be deduced [83].

Both actin forms may play an important role in gene
expression regulation. Monomeric form of actin was proved
to bind with BRG1 (brahma-related gene 1), which is a part of
BAF (BRG1-associated factor) chromatin remodelling com-
plex and as its component can affect the availability of genes.
In this case G-actin is involved in the proper interaction of
the complex with chromatin [84]. On this basis, it can be
concluded that the nuclear actin may regulate the access of
transcription factors to particular DNA fragments, which
results in controlling their expression [85]. Actin has also
the ability to interact with all three RNA polymerases, and
thus it is a part of the basal transcription machinery [86–88].
In this case, the form of the protein is yet to be elucidated;
however, some evidence points to the involvement of the
monomeric form [89]. Nevertheless, actin polymer may also
take part in the transcription, as studies using actin poly-
merization inhibitors indicate that chemical inhibitors of
polymerization process impair transcription [18, 90]. Fur-
thermore, polymeric actin in association with NMI (nuclear
myosin I) was proved to contribute to the polymerases I and
II transcription [88, 90, 91] and intranuclear movement of
interphase chromosomes [21] or their parts [22].

Due to the involvement of both actin forms in pro-
cesses occurring in the cell nucleus, their dynamics must be
strictly controlled, and that may be the role of Rho proteins.
Particularly, many of the ABPs present in the nucleus are
downstream effectors for Rho GTPases and also take part in
the regulation of gene expression. One such protein is cofilin,
whose cytoplasmic activity is associated with the disassembly
of actin filaments by promoting the F-actin depolymeriza-
tion. Rho protein effectors like ROCKI and II or PAK1 (p21
activated kinase 1) are able to activate LIMK (LIM kinases)
via phosphorylation. In turn, phosphorylation of the cofilin
serine-3 rest by LIMK leads to the blockade of actin-binding
ability of this protein, thus simultaneously stabilizing the
actin cytoskeleton [92]. CFL-actin interactions probably play
an important role in the cell nucleus, especially under stress
conditions. As it was shown, the activity of factors such as heat
shock or Latrunculin treatment leads to nuclear accumula-
tion of actin, but also CFL [27, 93]. Furthermore, cofilin
may influence gene expression, as the actin nuclear import
enhances transcription and the whole process is regulated
by CFL [29]. Moreover, cofilin may also contribute to tran-
scription in direct way. Obrdlik and Percipalle showed that
local depolymerization of F-actin caused by CFL1 is crucial
for transcript elongation [94] (Figure 4).

Elevated levels of CFL1 expression were also associated
with tumour progression and increased invasiveness in breast
[95], urothelial [96], prostate [97], and gastric cancer [98].
which correlated with the presence of EMT markers. Haibo
et al. proved that in the case of BGC-823 gastric cancer
cells during TGF-𝛽1-induced EMT the cofilin expression was
elevated. Moreover, the silencing of CFL expression with

siRNA inhibited the EMT process under the same inducing
conditions. At the same time, with increased expression of
cofilin, enhanced filopodia formation was observed. These
results were consistent with changes observed in vivo. In
nude mice xenograft model silencing of CFL1 expression
again correlates with inhibited cancer progression and lack
of EMTmarkers [98]. However, increased expression of CFL1
in tumours is not only related to the cytoplasmic region, but
also to the cell nucleus. Results obtained by Hensley et al.
point to a significant connection between EMT, CFL1 nuclear
localization, and bladder cancer progression. Researchers
have shown that progression of the disease correlates with
the increased level of CFL in the nucleus. Furthermore, the
samples from patients who died from bladder cancer have a
statistically significant increase in expression of N-cadherin
and nuclear cofilin while decreasing expression of E-cadherin
compared to patients who survived [96]. These studies may
suggest that CFL1 is involved in EMT not only by promoting
the formation of invasive structures such as filopodia but also
by controlling gene expression due to a regulation of actin
organization in the nucleus.

In addition, other members of Ras superfamily are
involved in the EMT process. For example, Rac protein
was proved to stimulate lamellipodia formation, which was
observed in the case of quiescent fibroblasts [99] or Nl E-
115 neuroblastoma cells [100]. As the lamellipodia formation
is driven by actin polymerization researchers also checked
the impact of Rac on the F-actin formation. Machesky and
Hall proved that Rac is able to stimulate the incorporation
of fluorescently labelled actin monomers into filaments in
lamellipodia [101]. Moreover, another Ras protein, Cdc42, is
noted to be overexpressed in numerous cancer types [102–
105]. That increase in the protein expression was associated
with the higher migratory potential of cancer cells. These
data are consistent with results obtained by Yamaguchi et al.,
who showed that activation of Cdc42 results in invadopodia
formation and production or/and secretion of matrix metal-
loproteinases, the crucial elements for tumour cells invasion
[106].

One of the most important ABPs with significant role
in the EMT process is also SATB1 nuclear protein. Its main
role is to bind DNA in sequences rich in AT pairs and there-
fore coordinate gene expression control through changes in
chromatin-loop architecture. Data provided by Grzanka et al.
showed that SATB1/F-actin complex may be detected at
the border between condensed and decondensed chromatin
compartments, which suggested its involvement in the tran-
scription process [6]. Further studies conducted by these re-
searchers indicated on SATB1/F-actin complex engagement
in active cell death as the overexpression of SATB1 and
CFL1 (enhanced actin transport to the nucleus) result in the
increased percentage of apoptotic cells after geldanamycin
treatment of MCF-7 breast cancer cell line [25]. It is also
possible that SATB1 is involved in EMT process occurrence.
As it was noted byWan et al. SATB1 is overexpressed in BTCC
(bladder transitional cell carcinoma) aswell as in bladder can-
cer cell lines with high metastases creation potential. More-
over, increased SATB1 expression caused downregulation
of E-cadherinthroughupregulation of its repressors (e.g., Slug,
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Snail). This indicates an important role of SATB1 in cancer
progression through EMT promotion. Furthermore, the
study on SATB1 expression in prostate cancer (PC) recently
conducted by Honggang et al. confirms these assumptions.
Also in this case increase in SATB1 expression was observed
in PCs samples derived from patients and cell lines and the
protein accumulatedmainly in the nucleus [107]. In addition,
overexpression of SATB1 leads to enhanced cell proliferation
and migratory potential. SATB1 silencing was also connected
with the increase in E-cadherin and decrease in vimentin
expression (Figure 2).

It was also shown that the occurrence of EMT is asso-
ciated with tumour cells resistance to chemo- or radiother-
apy [108] and the survival rate of CSCs after conventional
treatment is higher than for non-CSCs [109]. It may be even
suggested that in the case of cells exhibiting EMT-associated
features conventional therapies are connected more with
selection rather than elimination of cells. This resistance has
been linked to increased expression of antiapoptotic proteins,
more effective drug efflux due to higher levels of ATP-
binding cassette transporters and slower proliferation rate of
stem cells. Also, some EMT-inducing transcription factors
have been linked with tumour escape from immunological
surveillance by preventing the abnormal cells from being
detected [110].

5. Future Perspectives

Many genes identified as performing an important role in
the course of EMT are down- or upregulated. Some of them
may potentially serve as the process markers [111]. Due to

the significance of this phenomenon in the tumour progres-
sion, EMT and its associated proteins have become highly
interesting as a target for therapeutic agents. In particular,
since 90% of cancer-associated mortality is caused by metas-
tases, there is an intensive search for methods to target or
prevent them [112]. Also, micrometastases may cause tumour
recurrence, which is common in the case of surgical inter-
vention, radiotherapy, and chemotherapy [113, 114]. One of
the proposed solutions is the usage of antibodies against
receptors involved in EMT initiation. This approach was
applied to block TGF-𝛽-induced EMT. It turns out that
the specific inhibitor of TGF-𝛽 receptor SB-431542 restrains
the EMT process in pancreatic cancer cells [115]. However,
the efficiency is limited, due to a variety of factors able to
initiate epithelial-to-mesenchymal transition as it may be
impossible to block them all at once. Still, this problem can
be overcome by targeting intracellular signal transduction
pathways. Although transcriptional factors are not preferred
therapeutic targets, it has been demonstrated that phar-
macological inhibition of Snail expression blocks the EMT
induction by TGF-𝛽 [116]. Another possibility may be the
immunization of T lymphocytes against the transcription
factors associated with EMT [117]. As a result, it would be
possible to destroy tumour cells by the patient’s own immune
system which, in combination with conventional therapy,
could lead to the complete cure. The disadvantage of both
of these solutions is the need to initiate therapy in the early
stages of tumour development before the metastasis process
occurs. In advanced tumours in which the cell’s phenotype
has already changed to mesenchymal EMT inhibition may
causes only minor effects [118]. Therefore, in patients with
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advanced cancers, it is possibly more reasonable to target
cells exhibiting mesenchymal phenotype. One of the main
mesenchymal markers is vimentin. This natural compound
derived from a plantWithania somnifera in the case of human
lung and breast cancer was responsible for vimentin filaments
disassembling.That effect was associated with decrease in cell
migratory and invasive potential but also increased apoptosis
rate [119]. What is important, the compound is harmless
to normal vimentin-expressing cells. It is probably because
of higher soluble vimentin expression in healthy cells [120].
The second possibility may be targeting of another main
mesenchymal marker, N-cadherin. Tanaka et al. showed that
the use of the monoclonal antibody against N-cadherin was
associated with inhibition of growth and metastasis of
prostate cancer [121]. As the N-cadherin is also expressed in
normal tissues like heart or liver tissue the researchers
checked an impact ofN-cadherin expression loss inmice.The
model animals showed no evidence of sudden death, patho-
logical changes in heart tissue, or abnormalities in cardiac
enzymes levels in serum even at high doses (40mg/km). A
good option is also the inhibition of genes associated with
the invasive capacity of mesenchymal cells withmiRNA. As it
was shownby Shi and colleagues the specificmiR-21 inhibitor,
AC1MMYR2, in the case of gastric cancer, breast cancer, and
glioblastoma cell lines leads to EMT markers reduction and
inhibition of invasion [122]. It was an effect of E-cadherin
upregulation and reduction in expression of mesenchymal
markers. The main disadvantage of this approach is the
possibility of converting one migration type into another, for
example, amoeboid [118].

Paradoxically even more favourable than EMT blocking
may be inhibiting of MET process. It will not allow cancer
cells circulating in the system to settle in secondary side and
thus create metastases. However, the problem may be neces-
sity of life-long therapy carrying [118]. Also, the occurrence of
MET process is still poorly understood [35].The best-studied
example is MET associated with kidney formation, but there
are still few studies on its course in the case of a cancer [123].
As in nephrogenic MET FGFs (fibroblast growth factor)
and FGFRs (fibroblast growth factor receptor) are crucial
[124, 125]; it is possible that one of the potential therapeutic
targets of MET in cancer may be FGFR2IIIc, which has been
also identified as a key element of epithelial phenotype in
bladder carcinoma [58]. Study showed that reduced FGFR2
expression correlates with higher survival rate in mice inoc-
ulated with bladder carcinoma cells. The high expression of
FGFR2 was also associated with the epithelial phenotype.
These findings suggest that MET plays key role in metastases
creation and can be blocked by inhibition of epithelialization.

Despite targeting EMT orMET processes, positive effects
may also bring the inhibition of gene expression overex-
pressed in cells undergoing epithelial-to-mesenchymal tran-
sition. One of such proteins is SATB1. One of the agents
able to inhibit SATB1 expression are HMG-CoA (3-hydroxy-
3-methyl-glutaryl-coenzyme A) reductase inhibitors com-
monly known as statins. In addition to the cholesterol lower-
ing capacity, those drugs may prevent cancer [126]. Research
conducted by Lakshminarayana Reddy et al. showed that in
COLO205 cells this effect is achieved by the downregula-
tion of SATB1 by statins in the dose- and time-dependent

manner. Inhibition of SATB1 expression has been noted after
treatment with popular hydrophobic statins, simvastatin and
fluvastatin, which has not been reported for hydrophilic
statins, s.a. pravastatin [127]. Downregulation of STAB1 was
proven to be an effective strategy for the TN (triple negative)
breast cancer MDA-MB-231 cell line. TN breast cancer is one
of the most aggressive forms of breast cancer with very poor
prognosis. However, after treatment of MDA-MB-231 cells
with SATB1-decoy DNA cell proliferation was inhibited and
a significant reduction in invasiveness and migratory poten-
tial was observed [127]. On the other hand, the opposite
effect was noted for Jurkat cells, where SATB1 knock-out was
associated with increased invasiveness. This effect is most
likely due to the nuclear𝛽-catenin accumulation and the con-
sequent activation of the Wnt/𝛽-catenin signalling pathway
[128]. This suggests the unsuitability of SATB1 inhibition-
based therapy for such cancer types as adult T cell leukemia.
Therefore, the effectiveness of this method in particular
cancer types must still be carefully investigated. Similar
attempts have beenmade to determine the effect of inhibition
of the LIMK1-ADF (actin depolymerization factor)/cofilin
activity on colon cancer cells. For this purpose, DADS (diallyl
disulfide) was used. Studies show that DADS in colon cancer
cells inhibits ADF/cofilin phosphorylation by downregulat-
ing the expression of LIMK1 and consequently suppresses
cellular proliferation and migration in both in vitro and
in vivo conditions [129]. In addition, this compound was
also effective in the case of breast cancer [130] and myeloid
leukemia cell lines [131]. However, there is no agreement as
to the general mechanism of action of the potential drug in
cancer and further research is necessary.

In addition to the search for effective antimetastatic
drugs, the equally important factor which increases the chan-
ces of survival of oncological patients will be more accurate
diagnostic methods that will help in the application of the
solutions presented in the article. Detailed knowledge about
the stage of cancer development will help in choosing the
right type of therapy. It should also be remembered that there
is evidence of the possibility of metastases in certain cancer
types without the EMT or MET processes occurring [132].
Thus, we strongly believe that the future of cancer therapy is
a higher personalization of treatment based on detailed diag-
nostics.

6. Conclusions

Epithelial-to-mesenchymal transition and its reverse process
MET were proven to be an inseparable element of the cancer
progression. Generally, overexpression of EMT markers is
connected with poor prognosis and high probability of
metastasis [35].The change in thephenotype of a cell tomesen-
chymal involves the acquisition of features such as invasive-
ness andmigration potential. In turn, themovement of cells is
possible due to changes in actin cytoskeleton reorganizations
consisting of polymerization and disintegration of actin
filaments. The dynamics of this process can be regulated by
actin-binding proteins such as CFL1 or SATB1 in several ways
[75]. Although actin does not contain a nuclear localization
sequence, many ABPs comprise it. As it was proven both
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actin forms also occur in the cell nucleus, and the presence of
actin in this cell compartment may influence the regulation
of gene expression [6]. The EMT process is not only related
to actin but also related to its associated proteins such as
SATB1, CFL1, or Rho kinases (ROCKI and ROCKII), whose
overexpression was noted in many cancer types. Due to the
fact that 90% of cancer deaths are directly caused by metas-
tases [112] many studies focus on the suppression of EMT or
MET. Although in many cases satisfactory results have been
already obtained both in vitro and in vivo, there is still no
commercially available drug targeting one of these processes
or its associated proteins. Also, we still do not have a 100%
reliable method as all of the described approaches have some
disadvantages. However, due to the possibility of significant
reduction of cancer-related mortality, further studies are
needed. However, it should also be remembered that EMT-
targeting therapy must be coadministered with conventional
therapy to eliminate the primary tumour site.

Conflicts of Interest

The authors declare that there are no conflict of interest
regarding the publication of this article.

References

[1] P. Sheterline, J. Clayton, and J. Sparrow, “Actin,” Protein Profile,
vol. 2, no. 1, pp. 1–103, 1995.

[2] P. De Lanerolle and L. Serebryannyy, “Nuclear actin and myo-
sins: life without filaments,” Nature Cell Biology, vol. 13, no. 11,
pp. 1282–1288, 2011.

[3] A. Bretscher, “Microfilament organization in the cytoskeleton
of the intestinal brush border,” Cell and Muscle Motility, vol. 4,
pp. 239–268, 1983.

[4] A. Bretscher and K. Weber, “Localization of actin and micro-
filament-associated proteins in the microvilli and terminal
web of the intestinal brush border by immunofluorescence
microscopy,”The Journal of Cell Biology, vol. 79, no. 3, pp. 839–
845, 1978.

[5] P. Defilippi, C. Olivo, M. Venturino, L. Dolce, L. Silengo, and G.
Tarone, “Actin cytoskeleton organization in response to inte-
grin-mediated adhesion,” Microscopy Research and Technique,
vol. 47, no. 1, pp. 67–78, 1999.

[6] D. Grzanka, M. Gagat, and M. Izdebska, “Involvement of the
SATB1/F-actin complex in chromatin reorganization during
active cell death,” International Journal of Molecular Medicine,
vol. 33, no. 6, pp. 1441–1450, 2014.

[7] H. Sonowal, A. Kumar, J. Bhattacharyya, P. K. Gogoi, and B. G.
Jaganathan, “Inhibition of actin polymerization decreases os-
teogeneic differentiation of mesenchymal stem cells through
p38 MAPK pathway,” Journal of Biomedical Science, vol. 20, no.
1, article 71, 2013.

[8] K.A.Bohnert, A.H.Willet,D. R.Kovar, andK. L.Gould, “Form-
in-based control of the actin cytoskeleton during cytokinesis,”
Biochemical Society Transactions, vol. 41, no. 6, pp. 1750–1754,
2013.

[9] A. Grzanka, D. Grzanka, and M. Orlikowska, “Cytoskeletal re-
organization during process of apoptosis induced by cytostatic
drugs in K-562 and HL-60 leukemia cell lines,” Biochemical
Pharmacology, vol. 66, no. 8, pp. 1611–1617, 2003.

[10] A. Grzanka, M. Izdebska, A. Litwiniec, D. Grzanka, and B.
Safiejko-Mroczka, “Actin filament reorganization in HL-60
leukemia cell line after treatment with G-CSF and GM-CSF,”
Folia Histochemica et Cytobiologica, vol. 45, no. 3, pp. 191–197,
2007.

[11] M. Izdebska, A. Grzanka, M. Ostrowski, A. Zuryń, and D.
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[83] E. K. Rajakylä and M. K. Vartiainen, “Rho, nuclear actin, and
actin-binding proteins in the regulation of transcription and
gene expression,” Small GTPases, vol. 5, Article ID e27539, 2014.

[84] K. Zhao, W. Wang, O. J. Rando et al., “Rapid and phosphoin-
ositol-dependent binding of the SWI/SNF-like BAF complex to
chromatin after T lymphocyte receptor signaling,” Cell, vol. 95,
no. 5, pp. 625–636, 1998.

[85] G. Huet, K.-P. Skarp, andM. K. Vartiainen, “Nuclear actin levels
as an important transcriptional switch,”Transcription, vol. 3, no.
5, pp. 226–230, 2012.

[86] W. A. Hofmann, L. Stojiljkovic, B. Fuchsova et al., “Actin is part
of pre-initiation complexes and is necessary for transcription by
RNA polymerase II,”Nature Cell Biology, vol. 6, no. 11, pp. 1094–
1101, 2004.

[87] P. Hu, S. Wu, and N. Hernandez, “A role for 𝛽-actin in RNA
polymerase III transcription,”Genes &Development, vol. 18, no.
24, pp. 3010–3015, 2004.

[88] V. V. Philimonenko, J. Zhao, S. Iben et al., “Nuclear actin and
myosin I are required for RNA polymerase I transcription,”
Nature Cell Biology, vol. 6, no. 12, pp. 1165–1172, 2004.

[89] T. Qi, W. Tang, L. Wang, L. Zhai, L. Guo, and X. Zeng, “G-actin
participates in RNA polymerase II-dependent transcription
elongation by recruiting positive transcription elongation factor
b (P-TEFb),”The Journal of Biological Chemistry, vol. 286, no. 17,
pp. 15171–15181, 2011.

[90] J. Ye, J. Zhao, U. Hoffmann-Rohrer, and I. Grummt, “Nuclear
myosin I acts in concert with polymeric actin to drive RNA
polymerase I transcription,” Genes & Development, vol. 22, no.
3, pp. 322–330, 2008.

[91] N. Fomproix and P. Percipalle, “An actin-myosin complex on
actively transcribing genes,” Experimental Cell Research, vol.
294, no. 1, pp. 140–148, 2004.

[92] S. Arber, F. A. Barbayannis, and H. Hanser, “Regulation of actin
dynamics through phosphorylation of cofilin by LIM-kinase,”
Nature, vol. 393, no. 6687, pp. 805–809, 1998.



12 BioMed Research International

[93] Y. Ohta, E. Nishida, H. Sakai, and E. Miyamoto, “Dephos-
phorylation of cofilin accompanies heat shock-induced nuclear
accumulation of cofilin,” The Journal of Biological Chemistry,
vol. 264, no. 27, pp. 16143–16148, 1989.

[94] A. Obrdlik and P. Percipalle, “The F-actin severing protein
cofilin-1 is required for RNA polymerase II transcription elon-
gation,” Nucleus, vol. 2, no. 1, pp. 72–79, 2011.

[95] W. Wang, R. Eddy, and J. Condeelis, “The cofilin pathway in
breast cancer invasion and metastasis,” Nature Reviews Cancer,
vol. 7, no. 6, pp. 429–440, 2007.

[96] P. J. Hensley, D. Zetter, C. M. Horbinski, S. E. Strup, and N.
Kyprianou, “Association of epithelial-mesenchymal transition
and nuclear cofilin with advanced urothelial cancer,” Human
Pathology, vol. 57, pp. 68–77, 2016.

[97] J. Collazo, B. Zhu, S. Larkin et al., “Cofilin drives cell-invasive
and metastatic responses to TGF-𝛽 in prostate cancer,” Cancer
Research, vol. 74, no. 8, pp. 2362–2373, 2014.

[98] W. Haibo, T. Lide, J. Feng et al., “Cofilin 1 induces the epithelial-
mesenchymal transition of gastric cancer cells by promoting
cytoskeletal rearrangement,”Oncotarget, vol. 8, pp. 39131–39142,
2017.

[99] A. J. Ridley, H. F. Paterson, C. L. Johnston, D. Diekmann, and
A. Hall, “The small GTP-binding protein rac regulates growth
factor-induced membrane ruffling,” Cell, vol. 70, no. 3, pp. 401–
410, 1992.

[100] R. Kozma, S. Sarner, S. Ahmed, and L. Lim, “Rho family
GTPases and neuronal growth cone remodelling: relationship
between increased complexity induced by Cdc42Hs, Rac1, and
acetylcholine and collapse induced by RhoA and lysophospha-
tidic acid,”Molecular andCellular Biology, vol. 17, no. 3, pp. 1201–
1211, 1997.

[101] L. M. Machesky and A. Hall, “Role of actin polymerization
and adhesion to extracellular matrix in Rac- and Rho-induced
cytoskeletal reorganization,”The Journal of Cell Biology, vol. 138,
no. 4, pp. 913–926, 1997.

[102] Y. Pan, F. Bi, N. Liu et al., “Expression of seven main Rho family
members in gastric carcinoma,” Biochemical and Biophysical
Research Communications, vol. 315, no. 3, pp. 686–691, 2004.

[103] T. Kamai, T. Yamanishi, H. Shirataki et al., “Overexpression of
RhoA, Rac1, and Cdc42 GTPases is associated with progression
in testicular cancer,” Clinical Cancer Research, vol. 10, no. 14, pp.
4799–4805, 2004.

[104] H. Ye, Y. Zhang, L. Geng, and Z. Li, “Cdc42 expression in
cervical cancer and its effects on cervical tumor invasion and
migration,” International Journal of Oncology, vol. 46, no. 2, pp.
757–763, 2014.

[105] Q.-Y. Chen, D. E.-M. Jiao, Q.-H. Yao et al., “Expression analysis
of Cdc42 in lung cancer and modulation of its expression by
curcumin in lung cancer cell lines,” International Journal of
Oncology, vol. 40, no. 5, pp. 1561–1568, 2012.

[106] H. Yamaguchi, M. Lorenz, S. Kempiak et al., “Molecularmecha-
nisms of invadopodium formation,” Journal of Cell Biology, vol.
168, no. 3, pp. 441–452, 2005.

[107] L.-J. Mao, C.-H. Yang, L. Fan et al., “SATB1 promotes prostate
cancer metastasis by the regulation of epithelial-mesenchymal
transition,” Biomedicine & Pharmacotherapy, vol. 79, pp. 1–8,
2016.

[108] J. P. Their, “Epithelial-mesenchymal transitions in tumor pro-
gression,” Nature Reviews Cancer, vol. 2, no. 6, pp. 442–454,
2002.

[109] V. Levina, A. M. Marrangoni, R. DeMarco, E. Gorelik, and
A. E. Lokshin, “Drug-selected human lung cancer stem cells:
cytokine network, tumorigenic andmetastatic properties,”PLoS
ONE, vol. 3, no. 8, Article ID e3077, 2008.

[110] M. A. Nieto, “The ins and outs of the epithelial to mesenchymal
transition in health and disease,” Annual Review of Cell and
Developmental Biology, vol. 27, pp. 347–376, 2011.

[111] M. Zeisberg and E. G. Neilson, “Biomarkers for epithelial-
mesenchymal transitions,”The Journal of Clinical Investigation,
vol. 119, no. 6, pp. 1429–1437, 2009.

[112] P. Mehlen and A. Puisieux, “Metastasis: a question of life or
death,” Nature Reviews Cancer, vol. 6, no. 6, pp. 449–458, 2006.

[113] H. Saito, T. Osaki, D. Murakami et al., “Recurrence in early
gastric cancer—presence of micrometastasis in lymph node
of node negative early gastric cancer patient with recurrence,”
Hepato-Gastroenterology, vol. 54, no. 74, pp. 620–624, 2007.

[114] M. J. Pepels, M. De Boer, P. Bult et al., “Regional recurrence in
breast cancer patients with sentinel node micrometastases and
isolated tumor cells,” Annals of Surgery, vol. 255, no. 1, pp. 116–
121, 2012.

[115] S. K. Halder, R. D. Beauchamp, and P. K. Datta, “A specific
inhibitor of TGF-𝛽 receptor kinase, SB-431542, as a potent
antitumor agent for human cancers,”Neoplasia, vol. 7, no. 5, pp.
509–521, 2005.

[116] H. Li, H. Wang, F. Wang, Q. Gu, and X. Xu, “Snail involves
in the transforming growth factor 𝛽1-mediated epithelial-
mesenchymal transition of retinal pigment epithelial cells,”
PLoS ONE, vol. 6, no. 8, Article ID e23322, 2011.

[117] K. Woods, A. Pasam, A. Jayachandran, M. C. Andrews, and J.
Cebon, “Effects of epithelial to mesenchymal transition on t cell
targeting ofmelanoma cells,”Frontiers inOncology, vol. 4, article
367, 2014.

[118] F. M. Davis, T. A. Stewart, E.W.Thompson, and G. R.Monteith,
“Targeting EMT in cancer: opportunities for pharmacological
intervention,” Trends in Pharmacological Sciences, vol. 35, no. 9,
pp. 479–488, 2014.

[119] J. T. Thaiparambil, L. Bender, T. Ganesh et al., “Withaferin A
inhibits breast cancer invasion and metastasis at sub-cytotoxic
doses by inducing vimentin disassembly and serine 56 phos-
phorylation,” International Journal of Cancer, vol. 129, no. 11, pp.
2744–2755, 2011.

[120] G. Lahat, Q.-S. Zhu, K.-L. Huang et al., “Vimentin is a novel
anti-cancer therapeutic target; insights from in vitro and in vivo
mice xenograft studies,” PLoS ONE, vol. 5, no. 4, Article ID
e10105, 2010.

[121] H. Tanaka, E. Kono, C. P. Tran et al., “Monoclonal antibody
targeting of N-cadherin inhibits prostate cancer growth, metas-
tasis and castration resistance,” Nature Medicine, vol. 16, no. 12,
pp. 1414–1421, 2010.

[122] Z. Shi, J. Zhang, X. Qian et al., “AC1MMYR2, an inhibitor
of dicer-mediated biogenesis of oncomir miR-21, reverses
epithelial-mesenchymal transition and suppresses tumor
growth and progression,” Cancer Research, vol. 73, no. 17, pp.
5519–5531, 2013.

[123] J. H. Lipschutz, “Molecular development of the kidney: a review
of the results of gene disruption studies,” American Journal of
Kidney Diseases, vol. 31, no. 3, pp. 383–397, 1998.

[124] A. O. Perantoni, L. F. Dove, and I. Karavanova, “Basic fibroblast
growth factor can mediate the early inductive events in renal
development,” Proceedings of the National Acadamy of Sciences
of the United States of America, vol. 92, no. 10, pp. 4696–4700,
1995.



BioMed Research International 13

[125] G. Celli, W. J. Larochelle, S. Mackem, R. Sharp, and G. Merlino,
“Soluble dominant-negative receptor uncovers essential roles
for fibroblast growth factors in multi-organ induction and
patterning,” EMBO Journal, vol. 17, no. 6, pp. 1642–1655, 1998.

[126] M.S.Katz, “Therapy insight: Potential of statins for cancer chem-
oprevention and therapy,” Nature Clinical Practice Oncology,
vol. 2, no. 2, pp. 82–89, 2005.

[127] A. Yamayoshi, M. Yasuhara, S. Galande, A. Kobori, and A.
Murakami, “Decoy-DNA against special AT-rich sequence
binding protein 1 Inhibits the growth and invasive ability of
human breast cancer,” Nucleic Acid Therapeutics, vol. 21, no. 2,
pp. 115–121, 2011.

[128] X.-D. Luo, S.-J. Yang, J.-N. Wang et al., “Downregulation of
SATB1 increases the invasiveness of Jurkat cell via activation of
theWNT/𝛽-catenin signaling pathway in vitro,” Tumor Biology,
vol. 37, no. 6, pp. 7413–7419, 2016.

[129] J. Su, Y. Zhou, Z. Pan et al., “Downregulation of LIMK1-ADF/
cofilin by DADS inhibits the migration and invasion of colon
cancer,” Scientific Reports, vol. 7, Article ID 45624, 2017.

[130] M. O. Altonsy, T. N. Habib, and S. C. Andrews, “Diallyl
disulfide-induced apoptosis in a breast-cancer cell line (MCF-7)
may be caused by inhibition of histone deacetylation,”Nutrition
and Cancer, vol. 64, no. 8, pp. 1251–1260, 2012.

[131] T.SuangtamaiandD. I. Tanyong, “Diallyl disulfide induces apop-
tosis and autophagy via mTOR pathway in myeloid leukemic
cell line,” Tumor Biology, vol. 37, no. 8, pp. 10993–10999, 2016.

[132] A. J. Trimboli, K. Fukino, A. de Bruin et al., “Direct evidence for
epithelial-mesenchymal transitions in breast cancer,” Cancer
Research, vol. 68, no. 3, pp. 937–945, 2008.



Hindawi
www.hindawi.com

 International Journal of

Volume 2018

Zoology

Hindawi
www.hindawi.com Volume 2018

 Anatomy 
Research International

Peptides
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Journal of 
Parasitology Research

Genomics
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Neuroscience 
Journal

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Cell Biology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Biochemistry 
Research International

Archaea
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Genetics 
Research International

Hindawi
www.hindawi.com Volume 2018

Advances in

Virolog y Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Enzyme 
Research

Hindawi
www.hindawi.com Volume 2018

International Journal of

Microbiology
Hindawi
www.hindawi.com

Nucleic Acids
Journal of

Volume 2018

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijz/
https://www.hindawi.com/journals/ari/
https://www.hindawi.com/journals/ijpep/
https://www.hindawi.com/journals/jpr/
https://www.hindawi.com/journals/ijg/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/abi/
https://www.hindawi.com/journals/jmb/
https://www.hindawi.com/journals/neuroscience/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/ijcb/
https://www.hindawi.com/journals/bri/
https://www.hindawi.com/journals/archaea/
https://www.hindawi.com/journals/gri/
https://www.hindawi.com/journals/av/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/er/
https://www.hindawi.com/journals/ijmicro/
https://www.hindawi.com/journals/jna/
https://www.hindawi.com/
https://www.hindawi.com/

