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Abstract. Cancer cells use two major types of movement: 
Mesenchymal, which is typical of cells of mesenchymal origin 
and depends on matrix metalloproteinase (MMP) activity, and 
amoeboid, which is characteristic of cells with a rounded shape 
and relies on the activity of Rho‑associated kinase (ROCK). 
The present authors previously demonstrated that, during 
neoplastic transformation, telomerase‑immortalized human 
fibroblasts (cen3tel cells) acquired a ROCK‑dependent/MMP 
independent mechanism of invasion, mediated by the down-
regulation of the ROCK cellular inhibitor Round (Rnd)3/RhoE. 
In the present study, cen3tel transformation was also demon-
strated to be paralleled by downregulation of Snail, a major 
determinant of the mesenchymal movement. To test whether 
Snail levels could determine the type of movement adopted 
by mesenchymal tumor cells, Snail was ectopically expressed 
in tumorigenic cells. It was observed that ectopic Snail did 
not increase the levels of typical mesenchymal markers, but 
induced cells to adopt an MMP‑dependent mechanism of 
invasion. In cells expressing ectopic Snail, invasion became 
sensitive to the MMP inhibitor Ro 28‑2653 and insensitive to 
the ROCK inhibitor Y27632, suggesting that, once induced 
by Snail, the mesenchymal movement prevails over the 
amoeboid one. Snail‑expressing cells had a more aggressive 
behavior in vivo, and exhibited increased tumor growth rate 
and metastatic ability. These results confirm the high plasticity 
of cancer cells, which can adopt different types of movement 

in response to changes in the expression of specific genes. 
Furthermore, the present findings indicate that Rnd3 and Snail 
are possible regulators of the type of invasion mechanism 
adopted by mesenchymal tumor cells.

Introduction

Cancer cells can adopt two main migration mechanisms, 
the mesenchymal movement and the amoeboid one, mainly 
depending on cellular morphology, cytoskeletal organization, 
cell‑extracellular matrix (ECM) interactions and ECM degra-
dation (1,2). The mesenchymal movement is generally used by 
cells of mesenchymal origin with an elongated morphology 
and actin organized in stress fibres, and requires the activation 
of the Rac signaling pathway and ECM‑degrading proteases 
such as matrix metalloproteinases (MMPs) (1). Cells using the 
amoeboid movement mostly have a round shape and cortical 
actin bundles. In these cells, actomyosin contraction, which is 
driven by myosin phosphorylation by Rho-associated kinase 
(ROCK), is the principal propulsive force, which allows the 
cells to squeeze through the ECM (3).

In tumor cells of epithelial origin, the shift to the mesen-
chymal phenotype through the epithelial‑mesenchymal 
transition (EMT) process is associated with the acquisition of 
the mesenchymal movement, together with high migration and 
metastatic capacities (4). The EMT can be driven by the expres-
sion of different transcription factors, including Snail (which is 
encoded by the Snai1 gene) (5). Snail activation is associated 
with E‑cadherin downregulation, adherent junction destabiliza-
tion, cellular polarization and increased MMP expression (5).

By contrast, the adoption of the amoeboid movement has 
been described in tumor cells of mesenchymal origin upon inhi-
bition of MMP activity or integrin function (6,7). In addition, 
variations in p53, p27 or ephrin type-A receptor 2 expression 
have been reported to lead to a mesenchymal‑amoeboid transi-
tion (MAT) in sarcoma and melanoma cells (8‑10).

The present authors previously reported the occurrence 
of spontaneous MAT in human telomerase‑immortalized 
fibroblasts, named cen3tel, which underwent malignant trans-
formation during in  vitro propagation  (11). During the 
acquisition of the tumorigenic phenotype, a transition from 
the typical elongated shape of human fibroblasts with actin 
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organized in fibres to a roundish shape with cortical actin 
bundles was observed (11). In addition, the invasion of tumori-
genic cells relied on ROCK activity, as demonstrated by their 
decreased invasion capacity upon treatment with a ROCK 
inhibitor, but not after exposure to an MMP inhibitor (11). 
At the molecular level, MAT was associated with a reduced 
expression of the ROCK‑1 cellular inhibitor Round (Rnd)3 
(also known as RhoE) (11). Exogenous Rnd3 expression led 
to a reduction in cells' in vitro invasion and in vivo metastasis 
formation, indicating that Rnd3 levels participate in control-
ling cellular invasiveness (11).

In the present study, cells undergoing MAT were also 
demonstrated to be characterized by Snai1 downregulation, 
and Snail exogenous expression induced a shift towards an 
MMP‑dependent migration mechanism, further indicating a 
role for Snail in the modulation of neoplastic cells' movement.

Materials and methods

Cell lines, cell culture, transfection and plasmids. The 
cen3tel cellular system has been previously described (11,12). 
Briefly, it was derived from primary cen3 fibroblasts by 
infection with a human telomerase reverse transcriptase 
(hTERT)‑containing retrovirus (13). Telomerase‑expressing 
cells were propagated in culture to population doubling 
(PD) ~1,000, and a gradual acquisition of the neoplastic 
phenotype was observed (11,12). In the present study, cen3tel 
cells at five  stages of propagation were used, from cells 
behaving as normal fibroblasts (early cen3tel cells) to cells 
at the fifth stage, which were tumorigenic and metastatic 
in nude mice (phase  III tumorigenic cells, PD  ~1,000). 
Mid cen3tel cells represented cells at the early phases of 
transformation, which were anchorage‑independent but not 
tumorigenic. Cells from tumorigenic phases I‑III induced 
tumors in mice with decreasing latency time (11,12). Phase III 
tumorigenic cells were used as recipient for the transfection 
with Snail‑encoding plasmids.

Cells were grown and transfected as previously 
described (11). Snail‑encoding plasmids, p green fluorescent 
protein (GFP)‑Snail‑wild‑type (wt) and pGFP‑Snail‑6SA, 
were obtained from Addgene Inc. (Cambridge, MA, USA). The 
plasmid pGPF‑Snail‑6SA contains the complementary DNA 
(cDNA) for a Snail protein in which the codons encoding for 
serine 97, 101, 108, 112, 116 and 120 were mutated to encode 
for an alanine. These aminoacid changes make the protein 
more stable, thus preventing its phosphorylation by glycogen 
synthase kinase 3 beta and subsequent proteasomal degrada-
tion (14). Clones isolated after transfection with an empty 
vector were named C1 and C2.

Motility and invasion assays. Cell invasiveness was assayed 
using modified Boyden chambers (Neuro Probe, Inc., Gaithers-
burg, MD, USA) with polycarbonate polyvinylpyrrolidone‑free 
nuclepore filters (8‑mm pore size) as previously described (11). 
The ROCK inhibitor Y27632 (cat. #688000; Calbiochem; 
Merck Millipore, Darmstadt, Germany) or the MMP inhibitor 
Ro 28‑2653 (kindly provided by Dr H. W. Krell; Roche 
Diagnostics GmbH, Mannheim, Germany) were used in the 
invasion assays to inhibit the ameboid or the mesenchymal 
movement, respectively.

Western blot analysis. Whole‑cell lysates were prepared using 
co-immunoprecipitation (Co‑IP) or Laemmli buffer as previ-
ously described (11). The anti‑Snail antibody (dilution 1:500; 
clone H‑130; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) was used on extracts prepared with the CoIP buffer. 
The anti‑fibronectin antibody (dilution 1:5,000; clone LN‑6; 
Sigma‑Aldrich, St.Louis, MO, USA) and the anti‑vimentin anti-
body (dilution 1:2,000; clone S‑20; Santa Cruz Biotechnology, 
Inc.) were used on extracts prepared with the Laemmli buffer.

Microarray analysis. All the details of the microarray analysis 
and the results obtained are described in Ostano et al (12).

Animal models and ethics statement. To investigate the tumori-
genic potential of Snail‑expressing clones, 107 cells were injected 
subcutaneously into severe combined immunodeficiency (SCID) 
mice (Harlan Italy S.r.l., Milan, Italy). For the study, 7‑week‑old 
female SCID mice were used, which were housed at 24°C in 
individually ventilated cages with light/dark cycles of 12 h. 
Mice were provided with sterile food and water ad libitum and 
manipulated in aseptic conditions. After injection, mice were 
monitored 2 or 3 times/week to assess tumor appearance and 
growth. To investigate their metastatic ability, 2x106 cells were 
injected intravenously in SCID mice. Mice were monitored daily 
and sacrificed at the appearance of distress symptoms. Animals 
were autopsied, and in order to evaluate metastatic foci, tissues 
were collected and stored in Bouin's solution.

Procedures involving animals and their care were conducted 
in conformity with the following laws, regulations and poli-
cies governing the care and use of laboratory animals: Italian 
Governing Law [D.lgs 26/2014, authorisation no. 19/2008‑A, 
issued on March 6, 2008 by the Ministry of Health of Italy 
(Rome, Italy)]; Mario Negri Institute for Pharmacological 
Research (Milan, Italy) Institutional Regulations and Policies 
providing internal authorisation for persons conducting animal 
experiments (Quality Management System Certificate‑UNI 
EN ISO 9001:2008‑Reg. No 8576‑A); National Institutes of 
Health Guide for the Care and Use of Laboratory Animals 
(2011 edition); European Union directives and guidelines 
(EEC Council Directive 2010/63/UE); and the Guidelines for 
the Welfare and Use of Animals in Cancer Research (15).

The animal experiments conducted in the present study 
have been reviewed and approved by the Animal Care and Use 
Committee of the Mario Negri Institute for Pharmacological 
Research, which includes members ad hoc for ethical issues 
(approval ID Frap1). Animals were housed in the animal care 
facilities of the Mario Negri Institute for Pharmacological 
Research, which meet international standards and are regu-
larly checked by a certified veterinarian who is responsible 
for health monitoring, animal welfare supervision, and experi-
mental protocols and procedures revision.

Results

Microarray analysis on cen3tel cells representing five different 
phases of the malignant transformation process exhibited 
a decrease in Snai1 expression in cen3tel tumorigenic cells 
compared with early and mid cen3tel cells (Fig. 1A). The 
decreased Snai1 expression with the transformation process 
was confirmed at the protein level by western blotting (Fig. 1B).
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To test whether Snail decreased expression could play 
a role in modulating the switch from the mesenchymal 
movement to the amoeboid motility observed in cen3tel 
tumorigenic cells, Snail was exogenously expressed in 
phase III tumorigenic cells. For that purpose, cen3tel cells 
PD ~1,000 were transfected either with a plasmid containing 
the cDNA for the human wt Snail (pGFP‑Snail‑wt), or a 
plasmid containing the cDNA for a mutated Snail isoform 
(pGFP‑Snail‑6SA), which is more stable. Transfected cells 
were selected using G418 (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA); resistant clones were isolated 

and the expression of the GFP‑Snail protein was confirmed 
by fluorescence microscopy (data not shown). Three clones 
expressing the wt protein (named Snail‑wt  6, 9  and  19), 
and three clones expressing the modified protein (named 
Snail‑6SA 3, 10 and 19) were selected for further investi-
gations. By western blotting with an anti‑Snail antibody, 
Snail expression was analyzed in the clones. As indicated 
in Fig.  2A, no signal corresponding to the recombinant 
GFP‑Snail protein was observed in the mock‑transfected C1 
clone (lane 7), as expected, while bands of variable intensities 
were observed in all other clones. In particular, the highest 
levels of Snail expression were observed in clones Snail‑6SA 
10 and 19 (lanes 5 and 6) and in clone Snail‑wt 19 (lane 3).

In epithelial tumors undergoing EMT, Snail expression 
is associated with an increased expression of mesenchymal 
markers, including vimentin and fibronectin (5). In cen3tel 
cells, exogenous Snail expression did not positively control 
the levels of either vimentin or fibronectin (Fig. 2B). Further-
more, it did not induce a change in the organization of the 
actin cytoskeleton, with actin organized in cortical rings in 
the clones as in the parental and mock‑transfected cells (data 
not shown).

Whether Snail expression could play a role in determining 
the type of movement adopted by cen3tel cells was next tested 
by analyzing the invasion capacity of the Snail‑expressing 
clones in the presence of the ROCK inhibitor Y27632 or 
the MMP inhibitor Ro 28‑2653. As shown in Fig. 3, the two 
inhibitors had an opposite effect on Snail‑expressing clones 
compared with parental and mock‑transfected cells. In fact, 
while in control and mock‑transfected clones (C1 and C2), 
invasiveness was decreased by Y27632 but was not affected 
by Ro 28‑2653, as expected, in all Snail‑expressing clones, 
invasiveness was clearly decreased upon exposure to Ro 
28‑2653 but was not reduced by Y27632, indicating a switch 
from a ROCK‑dependent movement to a protease‑dependent 
motility.

Figure 3. Effect of the Rho-associated kinase inhibitor Y27632 and the 
matrix metalloproteinase inhibitor Ro 28‑2653 on the invasion capacity of 
phase III tumorigenic cells, mock‑transfected cells (C1 and C2 clones) and 
Snail‑expressing clones. Invasion was measured using Boyden chambers. 
Grey columns, Ro 28‑2653 (0.1 mM); black columns, Y27632 (10 mM). 
Invasion of cells exposed to inhibitors is shown as percentage of invasion in 
untreated cells (white columns). Data are presented as the mean ± standard 
deviation of 2‑4 independent experiments. In cen3tel, C1 and C2 cells, the 
P‑value refers to Y27632‑treated cells vs. control cells, while in Snail clones, 
the P‑value refers to Ro 28‑2653‑treated cells vs. control cells (*P<0.05; 
**P<0.005; ***P<0.0005). WT, wild‑type.

Figure 1. Sna1 expression in cen3tel cells at different stages of transformation. 
(A) Results of microarray analysis. Sna1 expression in cen3tel cells is indi-
cated relative to that in cen3 primary fibroblasts (log2 of the ratio). (B) Western 
blot analysis of Snai1 levels. γ‑tubulin was used as loading control. Ph, phase.

Figure 2. Western blot analysis of the expression of (A) recombinant green 
fluorescent protein‑Snail protein and (B) the mesenchymal markers vimentin 
and fibronectin in Snail‑transfected clones and in mock‑transfected cells (C1, 
lanes 7A and 8B). γ‑tubulin was used as loading control. WT, wild‑type; GFP, 
green fluorescent protein.
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Finally, the in vivo tumorigenicity and metastatic potential 
of mock‑transfected cells and two Snail clones, Snail‑wt 6 
and 9, were tested by inoculating cells either subcutaneously or 
into the tail vein of SCID mice. It was observed that both Snail 
clones had a faster rate of tumor growth than control cells 
(Fig. 4A), and generated a greater number of lung metastases 
compared with mock‑transfected cells (Fig. 4B). The size of 
the metastases was not increased in Snail‑expressing clones, 
with 45% of metastases being >1 mm in mock‑transfected 
cells, compared with only 25 and 14% in the Snail‑wt 6 and 9 
clones, respectively.

Discussion

Cancer cells' capacity to transition from a type of movement 
to another is a large problem in metastasis fighting (1). In the 
present study, it has been demonstrated that human fibroblasts 
undergoing malignant transformation can adopt the amoeboid 
movement and switch back to an MMP‑dependent movement 
after the induction of Snail expression.

In the cen3tel cellular system, a reduction in Snail 
expression was observed during in vitro propagation. In 
cells at the initial phases after hTERT immortalization, 
Snail levels were similar to those observed in primary 
fibroblasts. However, when cells became tumorigenic, Snail 
was downregulated. Despite the low Snail levels, tumori-
genic cells neither displayed variations in the expression of 
mesenchymal markers, including vimentin and fibronectin 
[lanes 1 and 9 in Fig. 2B and Belgiovine et al (16)], nor started 
expressing epithelial markers such as cytokeratins (16). In 
the clones expressing either the wt or the mutated Snail 
protein, vimentin and fibronectin were expressed at vari-
able levels, but not at levels higher than those in the control 
cells, indicating that, in cells of mesenchymal origin, the 
expression of these proteins does not depend on Snail. 
This supports the hypothesis that Snail is important for the 
induction of the mesenchymal phenotype, but not for its 
maintenance (17).

By contrast, Snail levels appeared to be important for 
the determination of the type of movement used by cancer 
cells. In fact, exogenous Snail expression in tumorigenic cells 
induced a switch from a ROCK‑dependent movement to a 
protease‑dependent one. In the present study, no differences 
were observed among clones depending on the levels of Snail 
or the type of exogenous protein expressed. Exogenous Snail 
could promote the mesenchymal movement by positively 
regulating MMP expression and by stimulating invadopodia 
formation and local matrix degradation through Twist induc-
tion (18-20).

In Snail‑expressing clones, invasion was insensitive to 
the ROCK inhibitor Y27632, suggesting that the mesen-
chymal movement prevails over the amoeboid one. During 
the transformation process, Snail downregulation may be a 
pre‑requisite for the establishment of the amoeboid move-
ment, which could be induced by low Rnd3 levels and 
consequent high ROCK activity. This hypothesis is in agree-
ment with the data by Taddei et al (21), indicating that MAT 
can be engaged by melanoma cells only if EMT is partially 
suppressed. In tumorigenic cen3tel cells, the mesenchymal 
phenotype could be partially suppressed upon Snail down-
regulation. Indeed, in tumorigenic cells, the loss of both the 
elongated mesenchymal shape and the actin organization in 
stress fibres was observed.

When injected into the tail vein of immunocompromised 
mice, Snail‑expressing clones exhibited a significantly 
greater capacity to form lung metastasis than control cells, 
with an increase in the number, but not in the size, of metas-
tases, suggesting that the protease‑dependent movement 
makes cells more efficient in extravasation than parental 
cells, which rely on the amoeboid movement. Although it 
cannot be excluded that the higher growth rate observed 
in the Snail‑expressing tumors compared with that of the 
tumours induced by mock‑transfected cells could facilitate 
lung colonization, and thus contribute to the higher frequency 
of metastasis formation, the present results suggest a more 
aggressive behavior of Snail‑expressing cells.

Figure 4. In vivo tumorigenic and metastatic capacity of Snail‑expressing clones. (A) Growth curves of tumors obtained in SCID mice (n=3) after subcutaneous 
inoculation of mock‑transfected phase III tumorigenic cen3tel cells (C1) or Snail‑expressing clones (Snail‑wt 6 and 9). Vertical bars indicate the standard error. 
(B) Number of lung metastases obtained upon intravenous injection of mock‑transfected phase III tumorigenic cen3tel cells (C1) or Snail‑expressing clones 
(Snail‑wt 6 and 9) into SCID mice. In two mice inoculated with Snail‑wt 9 cells, the precise number of metastases could not be determined due to their large 
abundance, and was arbitrarily assigned a value of 200. Horizontal bars represent the median number of metastases. WT, wild‑type; SCID, severe combined 
immunodeficiency.
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In conclusion, the present results confirm the role of 
Snail in directing the mesenchymal movement and the 
aggressive/metastatic behavior of mesenchymal tumor cells. 
Furthermore, the present findings highlight the plasticity of 
tumor cells in adapting their movement in response to changes 
in gene expression.
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