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a b s t r a c t

Inositol displays multi-targeted effects on many biochemical pathways involved in epithelial-mesench-
ymal transition (EMT). As Akt activation is inhibited by inositol, we investigated if such effect could
hamper EMT in MDA-MB-231 breast cancer cells. In cancer cells treated with pharmacological doses of
inositol E-cadherin was increased, β-catenin was redistributed behind cell membrane, and metallopro-
teinase-9 was significantly reduced, while motility and invading capacity were severely inhibited. Those
changes were associated with a significant down-regulation of PI3K/Akt activity, leading to a decrease in
downstream signaling effectors: NF-kB, COX-2, and SNAI1. Inositol-mediated inhibition of PS1 leads to
lowered Notch 1 release, thus contributing in decreasing SNAI1 levels. Overall, these data indicated that
inositol inhibits the principal molecular pathway supporting EMT. Similar results were obtained in ZR-75,
a highly metastatic breast cancer line. These findings are coupled with significant changes on cytoske-
leton. Inositol slowed-down vimentin expression in cells placed behind the wound-healing edge and
stabilized cortical F-actin. Moreover, lamellipodia and filopodia, two specific membrane extensions en-
abling cell migration and invasiveness, were no longer detectable after inositol addiction. Additionally,
fascin and cofilin, two mandatory required components for F-actin assembling within cell protrusions,
were highly reduced. These data suggest that inositol may induce an EMT reversion in breast cancer cells,
suppressing motility and invasiveness through cytoskeleton modifications.

& 2016 Elsevier Inc. All rights reserved.

1. Introduction

Cell transitions from epithelial to mesenchymal (EMT), as well
as from mesenchymal to epithelial phenotype (MET), play a pivotal
role in organ and tissue remodeling, and they are also recognized
as critical events which enable cancer cells in acquiring malignant
features and metastatic competence [1]. Epithelial cancer cells, by
acquiring mesenchymal-like characteristics, show reduced cell-cell
adhesions and increased motility and invasiveness, which facilitate
the escape of metastasis from the primary tumor [2]. EMT is
thought to be critical not only for the transition leading from a

low-malignant to an invasive carcinoma phenotype, but increasing
evidence suggests that the EMT process is greatly associated with
resistance to chemotherapy and radiotherapy [3,4].

These evidences prompted investigators to explore the me-
chanisms of EMT and methods to inhibit or even reverse this
process and thereby inhibit tumor dissemination [5].

Induction of both EMT and MET may be triggered by both ex-
tracellular and intracellular cues, involving multiple molecular
components which collectively lead to an in depth reorganization
of the cytoskeleton. Some pathways seem to be critical for EMT, as
those involving E-cadherin down-regulation, activation of TGFβ,
Notch and Wnt-dependent processes, and SNAI1 overexpression
[6]. These changes provide the molecular support required to
dissolve epithelial cell-cell adhesions, to modify the interaction
with the extra-cellular matrix (ECM), meanwhile cytoskeleton
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components (actin, vimentin and tubulin) undergo profound re-
organization. Remodeling of cell architecture eventually ends up in
enabling cells acquiring enhanced migratory and invasive
capabilities.

Compelling data indicate that such transformations are re-
versible, as they can be reversed by microenvironmental or mo-
lecular stimuli, and should therefore be viewed as adaptive mod-
ifications [7]. Focusing on MET processes, albeit challenging, is still
likely to be an attractive approach to improve clinical management
of cancer patients, especially for those at high risk of metastasis
and recurrence. However, even if a number of putative targets
have been identified, no reliable compounds for pharmacological
use have been till now brought into being [8].

Inositol (INS) is a cyclohexane polyol, chemically represented
by nine stereo isomeric compounds, among which myo-inositol is
the most widely distributed in nature. INS can be synthesized by
both prokaryotic and eukaryotic cells, even if in mammals it is
mainly obtained from dietary sources, through hydrolysis of in-
ositol-6-phosphate (phytic acid). Within the cells, INS is present in
its free form, as inositol-mono, bi- and three-phosphate, or as
phosphatidylinositol. Phosphatidylinositol can be further phos-
phorylated to form phosphatidylinositol phosphate and -bipho-
sphate, which fulfill several relevant physiological roles [9]. In-
creasing evidence indicates that INS, by itself or through its deri-
vatives, plays a relevant role in several critical biochemical path-
way including morphogenesis, glucose metabolism, regulation of
cell proliferation and fertility [10–12]. Moreover, a few even pro-
mising reports highlighted that INS may significantly inhibit de-
velopment and progression of several cancer types, by modulating
a wide array of biochemical cues [13].

Yet, some studies provided intriguing insights about INS-re-
lated effects on cytoskeleton, showing that inositol-monopho-
sphate- and -biphosphate, induce actin synthesis [14], and F-actin
ring formation at cell-cell contacts through Rock-dependent
myosin II activation [15].

Herein we investigated if INS, as myo-inositol, may effectively
interfere with cytoskeleton architecture in malignant MDA-MB-
231 breast cancer cells in which several mesenchymal features
have been recognized, and how this hypothesized effect could be
associated to changes in the expression of key-molecular para-
meters, eventually triggering a mesenchymal-epithelial transition.
To confirm these results, key-signaling pathways were in-
vestigated on one more highly metastatic cancer cell line (ZR-75).

2. Material and methods

2.1. Experimental cell model and inositol treatment

The human breast cancer cell lines MDA-MB-231 and ZR-75
were obtained from European Collection of Cell Cultures (ECACC).
Cells were seeded into 25-cm2

flasks (Falcon, Becton–Dickinson
Labware, Franklin Lakes, NJ, USA) in DMEM supplemented with
10% Fetal Calf Serum (FCS) and antibiotics (Penicillin 100 IU/ml,
Streptomycin 100 mg/ml, Gentamycin 200 mg/ml). The cultures
were kept at 37 °C in an atmosphere of 5% CO2 in air, and the
medium was changed every third day. At confluence, the cells
were sub-cultured after removal with 0.05% trypsin–0.01% EDTA.

Inositol was kindly provided by Lo. Li. Pharma s.r. L., Roma, Italy
(myo-inositol ANDROSITOL

s

LAB). Inositol was added at the
pharmacological concentration of 4 mM. Also, key molecular
parameters were investigated by adding inositol at a physiological
concentration (0.1 mM). At both 4 and 0.1 mM, inositol did not
induce modifications in proliferation neither cell death (data not
shown).

2.2. Western blot

MDA-MB-231 and ZR-75 human breast cancer cells were in-
cubated with 4 mM INS for 24 h. Moreover, MDA-MB-231 cancer
cells were incubated with 0.1 mM INS for 24 and 72 h. Untreated
cells represented the control conditions. Following the treatment,
the cells were washed twice with ice-cold PBS and scraped in RIPA
buffer (Sigma Chemical Co., St Louis, MO, USA). A mix of protease
inhibitors (Complete Mini Protease Inhibitor Cocktail Tablets,
Roche, Mannheim, Germany) was added just before use. Cellular
extracts were then centrifuged at 8000 g for 10 min. The protein
content of supernatants was determined by using the Bradford
assay.

For western blot experiments, cellular extracts were separated
on a 12% SDS–polyacrylamide gel. Proteins were blotted onto ni-
trocellulose membranes (BIO-RAD, Bio-Rad Laboratories, Hercules,
CA, USA) and probed with the following antibodies: PI3K (sc-1637,
Santa Cruz Biotechnology), p-Akt (#9271, Cell Signaling Technol-
ogy), Akt (#9272, Cell Signaling Technology), COX-2 (sc-19999,
Santa Cruz Biotechnology), Snai1 (#3879, Cell Signaling Technol-
ogy), α-SMA (ab5694, Abcam), Rock-1 (sc-5560, Santa Cruz Bio-
technology), Rock-2 (sc-5561, Santa Cruz Biotechnology), PS1
(#MAB5232, Millipore), Notch 1 (sc-373891, Santa Cruz Bio-
technology), cofilin (sc-33779, Santa Cruz Biotechnology), p-MYL9
(sc-12896, Santa Cruz Biotechnology), E-cadherin (sc-7870, Santa
Cruz Biotechnology), β-catenin (sc-7963, Santa Cruz Biotechnol-
ogy), fascin (sc-28265, Santa Cruz Biotechnology), NF-κB (sc-109,
Santa Cruz Biotechnology) and GAPDH (#2118, Cell Signaling
Technology). Antigens were detected with an enhanced chemo-
luminescence (ECL) kit from Amersham (Amersham Biosciences,
Little Chalfont, Backinghamshire, England) according to the man-
ufacturer's instructions. For each data point, three independent
experiments were performed.

2.3. Densitometry

All western-blot images were acquired and analyzed through
Imaging Fluor S densitometer (Biorad-Hercules). Optical density
(OD) of each condition was normalized versus the signal of internal
control GAPDH.

2.4. Wound healing assay

The Wound Healing Assay was performed using special double
well culture inserts (ibidi GmbH, Am Klopferspitz 19, D-82152
Martinsried, Germany). Each insert was placed in a well of a 6-well
plate (Falcon; Becton Dickinson Labware, Franklin Lakes, NJ, USA).
We use three insert for each condition (CTRL and INS-treated cells)
and 70 μl of each cell suspension (prepared at the concentration of
5!105 cells/ml) were placed into both well of each insert. After
cells attachment, the culture inserts were gently removed and
control cells were fed with DMEM 10% FBS meanwhile treated
cells with DMEM 10% FBS and 4 mM INS. Plates were then in-
cubated at 37 °C in an atmosphere of 5% CO2 and cells were pho-
tographed at 10X magnification with a Nikon DS-Fi1 (Nikon Cor-
poration, Japan) camera, coupled with a Zeiss.

Axiovert 10 optical microscope, at 0, 6, 10 and 12 h. Images
were then analyzed with TScratch software (Copyright 2008, To-
bias Gebäck and Martin Schulz, ETH Zürich, www.cse-lab.ethz.ch).

2.5. Cell migration assay

MDA-MB-231 cells (5!103 cells/200 μl medium) were placed
in the upper side of 8-mm filters (Falcon, BD Biosciences) (upper
chamber), placed in wells of a 24-well plate (Falcon, BD Bios-
ciences) (lower chamber), containing 0.8 ml of medium. After 24 h

S. Dinicola et al. / Experimental Cell Research ∎ (∎∎∎∎) ∎∎∎–∎∎∎2

Please cite this article as: S. Dinicola, et al., Inositol induces mesenchymal-epithelial reversion in breast cancer cells through
cytoskeleton rearrangement, Exp Cell Res (2016), http://dx.doi.org/10.1016/j.yexcr.2016.05.007i



of starvation, 200 μl of DMEM 1% FBS was added into the upper
chamber, while the lower chamber contained DMEM 10% FBS
(0.8 ml) for untreated cells and DMEM 10% FBS with 4 mM INS.
Chambers were kept in an incubator for 24 h. After incubation,
cells from the upper surface of filters were removed with gentle
swabbing, and the migratory cells on the lower surface of mem-
branes were fixed and stained with haematoxylin/eosin. The
membranes were examined microscopically, and cellular migra-
tion was determined by counting the number of cells on mem-
branes in at least 4–5 randomly selected fields using a Zeiss Ax-
iovert 10 optical microscope. For each data point, four in-
dependent experiments in duplicate were performed.

2.6. Cell invasion assay

The ability of MDA-MB-231 human breast cancer cells for
passing through Matrigel-coated 8-μm filters (BD Bio-CoatTM
growth factor reduced MATRIGELTM invasion chamber, BD Bios-
ciences-Discovery Labware, Two Oak Park, Bedford, MA, USA) was
measured by the Boyden chamber invasion assay. In brief, cells
were treated with 4 mM INS. After 24 h, cells were detached by
trypsin and resuspended in serum-free medium. Medium con-
taining 10% FCS for untreated cells and DMEM 10% FCS with 10 μM
INS for treated cells was applied to the lower chamber as chemo-
attractant, and then, the cells were seeded on the upper chamber
at a density of 5!103 cells/well in a 200 μl of serum-free medium.
The chamber was incubated for 24 h at 37 °C. At the end of in-
cubation, the cells in the upper surface of the membrane were
carefully removed with a cotton swab, and cells invaded across the
Matrigel to the lower surface of the membrane were fixed with
methanol and stained with haematoxylin and eosin. The invasive
cells on the lower surface of the membrane filter were counted
with Zeiss Axiovert 10 optical microscope. For each data point,
three independent experiments in duplicate were performed.

2.7. MMPs gelatin zymography

The enzymatic activities of MMP-2 and MMP-9 were de-
termined by gelatin zymography. Briefly, conditioned media of
MDA-MB-231 human breast cancer untreated control cells and
4 mM INS treated cells were prepared with standard SDS–poly-
acrylamide gel loading buffer containing 0.01% SDS without β-
mercaptoethanol and not boiled before loading. Then, prepared
samples were subjected to electrophoresis with 12% SDS–PAGE
containing 1% gelatin.

After electrophoresis, gels were washed twice with distilled
water containing 2.5% Triton-X100 for 30 min at room tempera-
ture to remove SDS and then incubated in collagenase buffer (0.5
MTris-HCl pH 7.5, 50 mM CaCl2 and 2 M NaCl) overnight at 37 °C,
stained with Coomassie brilliant blue R-250 and destained with
destaining solution (30% methanol, 10% acetic acid, and 60% wa-
ter). MMP gelatin zimography was performed three times.

2.8. Confocal microscopy

Untreated control cells and 4 mM INS treated MDA-MB-231
human breast cancer cells were cultured into 8-well μ-slides (ibidi
GmbH, Am Klopferspitz 19, D-82152 Martinsried, Germany) for
24 h. Then, the cells were fixed with 4% paraformaldehyde for
10 min at 4 °C and washed twice for 10 min with PBS. The cells
were permeabilized for 30 min using PBS, 3% BSA, 0.1% Triton
X-100, followed by the anti-β-catenin antibody (sc-7963, Santa
Cruz Biotechnology), anti-N-cadherin (sc-7939, Santa Cruz Bio-
technology), anti-fascin (sc-28265, Santa Cruz Biotechnology),
anti-vimentin (sc-6260, Santa Cruz Biotechnology) staining in PBS,
3% BSA at 4 °C overnight. The cells were washed with PBS and

incubated for 1 h at room temperature with TRITC fluorophore–
conjugated secondary donkey anti-mouse antibody (Invitrogen
Molecular Probes Eugene, Oregon). The slides were then washed
with PBS and mounted with 0.1 mM Tris-HCl at pH 9.5: glycerol
(2:3). Negative controls were processed in the same conditions
besides primary antibody staining. For F-actin visualization Rho-
damine Phalloidin (Invitrogen Molecular Probes Eugene, 1: 40 di-
lution) was used. Cells were fixed in 4% paraformaldehyde (PFA) in
PBS for 10 min at 4 °C and then permeabilized with cold
ethanol: Acetone 1: 1 for 10 min at 4 °C. After rinsing, cells were
incubated with Rhodamine Phalloidin for 25 min in the dark. Cells
were then washed in PBS and mounted in buffered glycerol (0.1 M,
pH 9.5). TOPRO-3 labeling was used for nuclei. Finally, analysis was
conducted using a Leica confocal microscope (Laser Scanning TCS
SP2) equipped with Ar/ArKr and He/Ne lasers. Laser lines were at
488, 543 and 633 nm for FITC, TRITC and TOPRO-3 excitation re-
spectively. The images were scanned under a 20x objective or 40x
oil immersion objective. In order to get a quantitative analysis of
fluorescence, optical spatial series with a step size of 1 mm, were
performed both in untreated and in INS-treated samples. The
fluorescence intensity was determined by the Leica confocal soft-
ware, using the following parameters: the maximum amplitude of
fluorescence (MAX Amplitude), the sum of intensity (SUM (I)), of
positive areas. As we previously reported [16] the MAX Amplitude
represents the maximum intensity of fluorescence of each series.
The SUM (I) represents the total amount of fluorescence intensity
recovered within the entire section. We analyzed equivalent sized
regions of interest (ROI) for each experiment both in untreated and
in INS-treated samples.

2.9. Image analysis

For MDA-MB-231 cell line, image analysis was performed on
544 control cells and on 606 treated cells (with 4 mM INS for
24 h), randomly chosen from 20 images. Cells were contoured
with a fine black marker by different researchers, simply scanned
and processed to evaluate quantitative parameters (area A, solidity
and roundness), as previously described [17]. Briefly, all images
were processed by Adobe Photoshop CS4 and pictures were re-
sized at 2560!1920 pixels according to original scale of image
acquisition. For each black contoured cell, edges were refined.
Then cells were black filled and threshold was adjusted in order to
exclude from the image other cells and background. For each cell
group, a single sheet of all the cells considered was created. To
obtain single cell shape parameters ImageJ v 1.47 h software was
used. Then, the software analyzed single cells, by the function
“shape descriptor.” In addition to area A, parameters were quan-
tified according to the following formulas:

π

=

=

Solidity A
CA

Roundness A
ma

4

where A is the area of the cell, ma is the major axis, and CA is the
convex area, namely the area of the convex hull of the region. The
convex hull of a region is the smallest region that satisfies two
conditions: (a) it is convex (b) it contains the original region.

2.10. Coherency quantification as cytoskeleton quantitative measure

Images from untreated control and from 4 mM INS treated
MDA-MB-231 cancer cells (8 images for each condition) were
considered, and 40 cells were randomly chosen, respectively for
the control and the INS treated samples. We analyzed by means of
ImageJ v 1.47 h software equivalent sized regions of interest (ROI)
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for each experimental condition.
Images were then processed in order to exclude the back-

ground. As quantitative parameter indicating cytoskeleton re-
arrangement, coherency was measured as previously described
[18]. Calculation was made by using the plugin OrientationJ [19].

2.11. Statistical analysis

Results were expressed as mean7SD, and statistical analysis
was performed through unpaired, two-tailed Student's t test. Vi-
mentin quantitative distribution was expressed as mean7SE, and
statistical analysis was performed through unpaired, two-tailed
Student's t test. Differences were considered significant at the level
of po0.05. Statistical analysis was performed using GraphPad
Instat software (GraphPad Software, Inc.; San Diego, CA, USA).

3. Results

3.1. Inositol inhibits PI3K/Akt pathway

PI3K pathway activation is an early event in carcinogenesis
[20]. Phosphoinositides generated by PI3K activity trigger activa-
tion of Akt kinases through direct binding to the pleckstrin
homology domain and the subsequent phosphorylation of Akt at
two conserved residues [21]. Hence, activated Akt modulates the
function of numerous substrates involved in the regulation of cell
survival, cell cycle progression and cellular growth [22]. Ad-
ditionally, this pathway may decisively contribute in enabling
cancer cells becoming resistant and even more aggressive [23].
These findings, and the fact that PI3K and Akt are highly suited for
pharmacologic intervention, make that pathway one of the most
attractive targets for therapeutic intervention [24]. It is therefore
worth noting that INS significantly reduces both PI3K over-
expression and Akt activation by inhibiting its phosphorylation,
thus confirming previous results obtained in lung cancer cells [25].
Indeed, INS reduced PI3K levels by about 40%, whereas phos-
phorylated Akt was down-regulated up to the 35% of its basal
values (Fig. 1a and b).

3.2. Inositol inhibits down-stream effects of Akt activation

MDA-MB-231 breast cancer cells over-expressing active Akt
showed prominent mesenchymal features, as down-regulation of
E-cadherin, increased expression of molecular signaling compo-
nents belonging to the NF-kB (COX-2, SNAI1) and Wnt pathways
(β-catenin), ultimately leading to β-catenin redistribution in the
nucleus, up-regulation of the mesenchymal marker vimentin, and
rearrangement of F-actin [26].

E-cadherin down-regulation, often associated with re-expres-
sion of N-cadherin, is a pivotal hallmark of EMT [27]. Control
cancer cells displayed very low E-cadherin levels, while expressing
N-cadherin (Fig. 2a and b). On the contrary, INS treatment restored
E-cadherin by increasing seven-fold its levels (Fig. 2b), while only
slightly reducing N-cadherin (Fig. 2a).

E-cadherin loss contributes in disassembling E-cadherin/β-ca-
tenin complexes, through which cadherin sequesters β-catenin,
preventing its dispersion into the cytoplasm, and its subsequent
nuclear transcriptional activities [28].

In control cancer cells overall β-catenin is lowered and mostly
dispersed around in the cytoplasm. Instead, in INS-treated cells, β-
catenin significantly increased by two-fold, while immune staining
unveiled a strong signal, mostly located at the cell-to-cell junction
level (Fig. 3).

Downward to Akt an orchestrated cascade of molecular events
interacts in modulating E-cadherin expression and subsequent

transition of the cell from an epithelial toward a mesenchymal
phenotype [26]. Meanwhile activation of Wnt pathway is tightly
linked to β-catenin modulation, an entrenched cross talk in be-
tween COX-2, NF-kB and Notch 1 has been demonstrated co-
operatively enhancing expression of SNAI1, a pivotal organizer of
EMT [29] and an E-cadherin inhibitor [30]. Indeed, control cells
exhibited high intracellular values of those signaling molecules,
whereas in INS-treated cells, their concentrations were re-
markably reduced. In particular, in INS-treated cells NF-kB and
COX-2 decreased by half, while Notch 1 was reduced up to five-
fold (Fig. 4). Given that all of these factors positively regulate
SNAI1 expression, high SNAI1 levels were observed in control
cancer cells while SNAI1 decreased of about 50% after INS addic-
tion (Fig. 4). Ultimately, α-SMA, a specific EMT marker released
downstream of the Wnt-pathway activation [31], showed a trend
in reduction after INS addiction, even if without reaching statis-
tical significance (Fig. 4).

3.3. Inositol inhibits activation of γ-secretase by downregulating PS1

Increased levels of both Notch 1 and SNAI1 have been reported
after activation of presenilin1 (PS1), a key component of the γ-
secretase complex. Indeed, PS1 is thought to trigger a complex
cascade of molecular events leading to EMT, including E-cadherin
down-regulation and Notch-activation (through the release of
Notch 1 fragment) [32]. Conversely, PS1 inhibition induces the
reversion of EMT molecular features and enhances the respon-
siveness of cancer cells to chemotherapeutic agents [33]. As we
observed a dramatic down-regulation of both Notch 1 and SNAI1
in INS-treated cells, we investigated whether PS1 could also have
been influenced by INS administration. As expected, PS1 in-
tracellular levels were down regulated up to three-fold after INS
addiction (Fig. 4). This result allows us inferring that reduction in

Fig. 1. Immunoblots showing expression of PI3K (a), and p-Akt (b) in MDA-MB-231
cells treated with 4 mM INS for 24 h. Data represent densitometric quantification of
optical density (OD) of specific protein signal normalized with the OD values of
GAPDH and Akt respectively, used as loading controls. Values are means of three
independent experiments, with standard deviations represented by vertical bars.
*po0.05; ***po0.001 by unpaired two-tailed t-test.
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Notch 1 and SNAI1 levels may likely to be attributed to PS1
inhibition.

3.4. Inositol inhibits motility and invasiveness of MDA-MB-231 cells

Malignant cells undergoing EMT display increased motility and
took advantage of the mesenchymal phenotype acquisition, be-
coming highly invasive. On the contrary, a noteworthy decrease in
invasiveness into MATRIGEL™ was observed in INS-treated cells
(Fig. 5a). That behavior is significantly associated to the observed
decrease in metalloproteinase-9 (MMP-9) levels after INS

treatment (Fig. 5b), while MMP-2 levels were only moderately
down-regulated (data not shown). Inhibition of MMP is a key
factor in modulation of malignant features, as reduced metallo-
proteinase activity is likely to hinder the invasiveness competence
of cancer cells.

Similarly, results of the wound-healing assay showed that
motility performances were also highly impaired in INS-treated
breast cancer cells. In control cells, percentage of open area de-
creased significantly compared to INS-treated breast cancer cells
(Fig. 6a and b). Control cells covered the open area within 12 h,
leading to an almost complete closure, whereas in INS-treated

Fig. 2. (a) Confocal microscopy of E-cadherin and N-cadherin distribution in untreated (CTRL) and INS-treated (INS) cells after 24 h. (b) Immunoblots showing expression of
E-cadherin in MDA-MB-231 cells treated with 4 mM INS for 24 h. Data represent densitometric quantification of optical density (OD) of specific protein signal normalized
with the OD values of GAPDH, used as loading control. Values are means of three independent experiments, with standard deviations represented by vertical bars.
***po0.001 by unpaired two-tailed t-test.
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cells more than 50% of the area is still open after 12 h. Wound
healing results have been confirmed by migration assay, where
migrating cells were reduced up to three-fold after INS addition
(Fig. 6c). Thereby, INS treatment dramatically reduced both moti-
lity and invasiveness of breast cancer cells.

3.5. Inositol induces cytoskeleton remodeling

During EMT many cytoskeletal proteins are altered in their
expression, localization or activity, thus leading to a profound re-
arrangement of CSK configuration. Cytoskeleton rearrangement is
a mandatory requirement for cells to acquire increased motility/
invasiveness properties, and can be considered a remarkable fea-
ture belonging to the mesenchymal phenotype.

No significant change in quantitative levels of cytoskeleton
proteins (F-actin, vimentin and tubulin) was evidenced by wes-
tern-blot analysis among controls and treated samples (data not
shown). However, when focusing on cancer cells immediately
behind the wound healing edge, a meaningful difference emerges
regarding F-actin and vimentin behavior.

Indeed, images from confocal microscopy showed that F-actin
was differently redistributed in control and in INS-treated cells
confined to the wound-healing front. In control cancer cells,
F-actin filaments were scattered along the entire cytoplasm, dis-
playing the typical organization belonging to migrating cells.

Polarized lamellipodia with treadmilling filaments, as well as fi-
lopodia, were clearly observable (Fig. 7a). By contrast, in INS-
treated cells stabilized cortical F-actin (SFA) was observed, without
any detectable formation of lamellipodia and filopodia. Moreover,
in both control and inositol treated cells, stress fibers (SF) were
clearly observable, indicating the formation of cell-cell and cell-
extracellular matrix (FC) junctional contacts with adhesive beha-
vior (Fig. 7a).

These morphological changes were supported by a quantitative
analysis of F-actin, by evaluating the coherency parameter, as
previously described [18]. The coherency measure appears to be
particularly suited to characterize gradual changes in fibrous tex-
tures like the actin cytoskeleton. By its definition, coherency ex-
tracts the relative strength of the edges of structures compared to
their surroundings and it can therefore be considered “as a mea-
sure for detecting the global alterations in the organization of actin
cytoskeleton” [18]. Highly invasive cells displayed an unstable cy-
toskeleton structure, subjected to quick architectural changes, in
which likely the inter-filaments connectivity is loosen. As ex-
pected, low coherency values were calculated in control metastatic
cells, whereas in INS-treated cancer cells coherency significantly
increases up to two fold (Fig. 7b).

Lamellipodia are mainly constituted by F-actin filament pro-
truding on the leading edge of the cell, while filopodia are cyto-
plasmic projections that extend beyond the leading edge of

Fig. 3. (a) Confocal microscopy of β-catenin distribution in untreated (CTRL) and INS-treated (INS) cells after 24 h. (b) Immunoblots showing expression of β-catenin in MDA-
MB-231 cells treated with 4 mM INS for 24 h. Data represent densitometric quantification of optical density (OD) of specific protein signal normalized with the OD values of
GAPDH, used as loading control. Values are means of three independent experiments, with standard deviations represented by vertical bars. **po0.01 by unpaired two-
tailed t-test.
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lamellipodia in migrating cells. They contain actin filaments cross-
linked into bundles by actin-binding proteins, like fascin [34].

Fascin is increasingly recognized to play some, even not fully
understood, critical functions in cytoskeleton remodeling. Namely,
decreased level of fascin correlated with decreased formation of
dynamic cell protrusions, decreased proliferation, and reduced
invasiveness in cancer cells [35,36].

As expected, we observed a marked decrease in fascin immune
staining in INS-treated cells along with the aforementioned sharp
decrease in lamellipodia and filopodia (Fig. 8a).

The cofilin pathway has emerged as having a central role in the
generation of free actin filament ends resulting in actin filament
remodeling by polymerization and depolymerization. Filament
remodeling is essential during the formation and retraction of

path-finding structures used in the chemotaxis, cell migration and
invasion of tumor cells [37]. Cofilin is mainly found in ruffling
membranes and at the leading edge of mobile cells, and it is
mandatory required in highly migrating cells to ensure cortical
contractility [38]. Indeed, high cofilin levels were measured in
MDA-MB-231 breast cancer cells, as this protein is required for
orchestrating F-actin remodeling in highly migrating cells. On the
contrary, in INS-treated cells a dramatic down-regulation of cofilin
was observed (Fig. 8b). The above reported distribution pattern of
F-actin, fascin and cofilin, provided evidences of cytoskeleton
stabilization in INS-treated cells.

The distribution of vimentin in control and INS-treated cells
was evaluated by means of confocal microscopy. Vimentin is or-
ganized into complex meshwork in control cells as well as in INS-

Fig. 4. Immunoblots showing expression of COX-2 (a), NF-kB (b), SNAI1 (c), Notch 1 (d), PS1 (e) and α-SMA (f) in MDA-MB-231 cells treated with 4 mM INS for 24 h. Data
represent densitometric quantification of optical density (OD) of specific protein signal normalized with the OD values of GAPDH, used as loading control. Values are means
of three independent experiments, with standard deviations represented by vertical bars. **po0.01; ***po0.001 by unpaired two-tailed t-test.

Fig. 5. Effect of INS on invasion (a), and on MMP-9 activity (b) in MDA-MB-231 cells after 24 h. Values are means of three independent experiments, with standard
deviations represented by vertical bars. Images were obtained by optical microscopy, with X100 magnification. *po0.05 by unpaired two-tailed t-test.
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treated samples, becoming evident in optical sections in which
fluorescence intensity of vimentin is maximal (Fig. 9). Yet, an
evident decrease in vimentin-related fluorescence intensity was
observed in the INS-treated cells distributed along the wound-
healing edge, when compared to control cells (Fig. 9a). Further-
more, vimentin showed a peri-nuclear distribution with wide-
spread network of filaments extending towards the cell periphery
in control samples. On the contrary, vimentin filaments are scat-
tered along the cytoplasm in INS-treated cells, becoming only
partially organized (Fig. 9a).

To assess vimentin quantitative distribution among cells placed
behind the wound-healing front, we carried out a quantitative
analysis using the Leyca confocal software to determine the
maximum amplitude of fluorescence intensity (Sum I) of vimentin
both in control and in INS-treated cells.

To obtain a quantitative estimation of vimentin in single cells,
the Sum I in a control and in an INS-treated cell, with the same
area (2609 mm2), was evaluated by a confocal software [16]. In the
control cell the total amount of fluorescence intensity, expressed
as arbitrary unit (a.u.) averaged 1549!106 a.u. in the control cell
versus 522!106 a.u. in the INS treated cell. A representative image
of vimentin distribution in single cell (both control and treated
cells) is shown in Fig. 9b.

Moreover, another study was performed by taking into account
60 optical sections recovered from three different spatial series, in
both controls and INS-treated samples. A representative stack
profile of seven regions of interest (ROI), randomly drawn along
the cytoplasm of a single cell obtained from control and INS-
treated samples, is reported in Fig. 9c. Peaks depicted in the dia-
gram (Fig. 9d) indicate fluorescence intensity detected by confocal
microscope for each single ROI from the beginning to the end of
the sample that is in the total thickness of the examined cell. In

INS-treated cells the fluorescence intensity was decreased and the
mean value of the maximal amplitude of fluorescence in all ROI
analyzed was significantly reduced in respect to the control (CTRL
203.42 a.u. 78.5 versus INS 113.1 a.u. 78.5; po0.001).

To obtain an average estimation of vimentin, about 300 cells for
each condition were analyzed. Sum I, significantly decreased in
INS-treated cells (CTRL 2.524.437 a.u. 7379.388 versus INS
947.711 a.u. 7234.823; po0.05).

3.6. Inositol induces changes in quantitative morphometric markers
of cell shape

Inositol-treated cancer cells displayed appreciable changes in
2 out of 3 quantitative morphological parameters. Indeed, both
Area and solidity were significantly increased (Area: CTRL
1.538 mm27563.4 versus INS 1.800 mm2 7664.05; po0.001. So-
lidity: CTRL 0.1370.04 versus INS 0.1770.06; po0.001). Solidity
describes in geometrical terms the stiffness and deformability of
an object. Thus, the higher the solidity is, the lower the cell de-
formability. By reducing the cell deformability, in addition with the
increase in cell Area we recorded in INS-treated cells, the inva-
siveness of cancer cells is impaired [17]. On the other hand,
roundness was not significantly affected by INS supplementation
(data not shown).

3.7. Inositol inhibits cancer cell motility by down-regulating Rock

In mammalian cells, motility control is mostly ruled by the
complex dynamics involving Rho-associated protein kinase(s)
(Rock 1 and Rock 2). Over-expression of Rock leads to increased
motility via enhanced phosphorylation of Myosin Light Chain
(PMLC), which is required for actomyosin activity [39,40]. This

Fig. 6. Effect of INS onwound healing (a, b) and on migration (c) in MDA-MB-231. Values are means of three independent experiments, with standard deviations represented
by vertical bars. Images were obtained by optical microscopy, with X100 magnification. *po0.05; **po0.01; ***po0.001 by unpaired two-tailed t-test.
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pathway is likely to play a very relevant role in conferring mi-
grating and dissemination capabilities to cancer cells, given that
inhibition of Rock 1 expression using RNA interference in MDA-
MB-231 cells has been shown to significantly impair metastasis
[41]. Likewise, targeting Rock 1 pharmacologically abrogates me-
tastasis in animal models [42]. Cancer cells undergoing EMT show
high levels of Rock and PMLC [43], as we noticed in MDA-MB-231
cells. However, in INS-treated cells a marked decrease in Rock 1,
Rock 2 and, mostly, in PLMC levels was recorded (Fig. 10). Thereby,
inhibition of Rock and PMLC, when associated to the aforemen-
tioned CSK changes, may help explaining the observed inhibition
of motility and invasiveness in INS-treated cells.

3.8. Inositol effects on ZR-75 breast cancer cells

In order to assess INS effects on another metastatic breast
cancer cell line, we treated ZR-75 cells with 4 mM INS for 24 h. ZR-
75 cells treated with INS showed a significant decrease in key
molecular parameters, such as: PS1, NF-kB, COX-2, p-Akt/Akt ratio
and fascin in respect to untreated control cells (Fig. 11a–e).
Moreover, E-cadherin level remarkably increases (Fig. 11f).

Overall, these data indicated that, even in ZR-75, INS counter-
acts main EMT molecular features, as such observed in INS-treated
MDA-MB-231 cells.

3.9. Inositol physiological concentration only affects PS1 expression

both at 24 and at 72 h in MDA-MB-231 cell line

To assess if, in MDA-MB-231 cells, INS physiological con-
centration (0.1 mM) could give comparable results obtained with
the pharmacological dose, we studied key molecular parameters
after 24 and 72 h of 0.1 mM INS stimulation.

Both at 24 and at 72 h only PS1 was modulated, by significantly
decreasing (Figs. 12a and 13a). NF-kB, COX-2, p-Akt/Akt ratio,
fascin and E-cadherin were not significantly affected by 0.1 mM
INS stimulation (Figs. 12 and 13).

4. Discussion

Epithelial tumor cells acquire fibroblast-like properties and
exhibit increased motility via EMT, which facilitates the escape of
tumor cells from primary tumors, therefore fostering the meta-
static process [2]. Additionally, EMT contributes in enhancing re-
sistance to conventional chemotherapeutic regimens [3]. Thus,
EMT reversion, i.e. MET, the inverse process leading a cell to re-
cover an epithelial phenotype, became during the last years a chief
therapeutic target.

Herein we observed that MDA-MB-231 breast cancer cells
displayed the typical mesenchymal features: low E-cadherin ex-
pression and membrane localization of N-cadherin, cytosolic re-
distribution of β-catenin, enhanced expression of Notch 1, SNAI1
and α-SMA. As expected, these cells showed highly motility and
invasive capacity. By adding INS, we such malignant features were

Fig. 7. (a) Confocal microscopy analysis of actin organization in control (CTRL) and INS-treated (INS) cells. Filopodia and lamellipodia are clearly observable in control
samples only. LP: lamellipodia, FP: filopodia, SF: stress fibers, FC: focal contacts, SFA: stabilized cortical F-actin. (b) Coherency values per area. Mean and SD were evaluated in
randomly chosen images from control sample (n 40) and INS-treated cells (n 40). The equivalent sized regions of interest (ROI) for each experimental condition were
analyzed by means of ImageJ v 1.47 h software. Coherency values were calculated as in [18]. ***po0.001 by unpaired two-tailed t-test.
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Fig. 8. (a) Confocal microscopy of fascin distribution in untreated (CTRL) and INS-treated cells (INS) after 24 h. (b) Immunoblots showing expression of cofilin in MDA-MB-
231 cells treated with 4 mM INS for 24 h. Data represent densitometric quantification of optical density (OD) of specific protein signal normalized with the OD values of
GAPDH, used as loading control. Values are means of three independent experiments, with standard deviations represented by vertical bars. ***po0.001 by unpaired two-
tailed t-test.

Fig. 9. (a) Confocal microscopy of vimentin distribution in untreated (CTRL) and INS-treated cells (INS) after 24 h. (b) Representative single cell images of vimentin
fluorescence intensity in untreated (CTRL) and INS-treated cells (INS) after 24 h. Values of fluorescence intensity are reported in the text. (c) Representative stack profile of
seven regions of interest (ROI) randomly drawn in cytoplasm of untreated (CTRL) and INS-treated (INS) cells. (d) Vimentin fluorescence intensity measured in ROI from both
untreated (CTRL) and INS-treated (INS) cells. Fluorescence distribution is plotted against the z position of the optical section, leading to a curve with different intensity peaks,
spanning from the beginning to the end of the series. Y-axis: fluorescence intensity. X-axis: z position of the optical section.

S. Dinicola et al. / Experimental Cell Research ∎ (∎∎∎∎) ∎∎∎–∎∎∎10

Please cite this article as: S. Dinicola, et al., Inositol induces mesenchymal-epithelial reversion in breast cancer cells through
cytoskeleton rearrangement, Exp Cell Res (2016), http://dx.doi.org/10.1016/j.yexcr.2016.05.007i



almost completely suppressed. Indeed, INS-treated MDA-MB-231
cells re-expressed E-cadherin, lost N-cadherin and showed an in-
creased redistribution of β-catenin behind cell membrane, while
both motility and invading capacity were severely inhibited. These
changes were associated with a significant down-regulation of
PI3K/Akt activity that likely led to a further decrease in down-
stream signaling effectors: NF-kB, COX-2, and SNAI1. Inhibition of
PS1 further contributed in decreasing SNAI1 levels by lowering
Notch 1 release. Overall, these data indicated that INS inhibits the
principal molecular pathway supporting the epithelial-mesench-
ymal transition.

These key molecular events were also confirmed in the meta-
static breast cancer cell line ZR-75. After INS addition, p-Akt/Akt
ratio, COX-2, NF-kB, PS1 and fascin were significantly down
regulated, whereas E-cadherin expression was up regulated.

These biochemical changes were mirrored by the associated
modifications observed on cytoskeleton components. INS sig-
nificantly reduces vimentin expression in cells behind the wound-
healing edge and stabilizes cortical F-actin.

Furthermore, lamellipodia and filopodia, two specific mem-
brane extensions enabling both cell migration and invasiveness,
were no longer detectable in INS-treated samples, meanwhile
fascin and cofilin were highly reduced. As these modifications
were especially evident at the edge of the motility front, it can be
surmised that INS-induced CSK changes may significantly con-
tribute in stabilizing cell structure and suppressing motility and
invasiveness. Such conclusion is further confirmed by the results
of the quantitative analysis of both cell shape and F-actin coher-
ency. Indeed, INS-treated MDA-MB-231 breast cancer cells

displayed a stable, ‘solid’ phenotype, characterized by a more or-
dered cytoskeleton configuration as suggested by the high coher-
ency values of F-actin network.

Inositol and its derivatives are a family of highly phylogeneti-
cally conserved polyols that stabilizes proteins and cytoskeleton
architecture in cells exposed to environmental and chemical stress
[44]. The chemistry and biology of inositols, and its phosphory-
lated derivatives, have become intense areas of research during
the last two decades due to their involvement in various cellular
signaling processes [45]. Namely, inositol-hexakisphosphate
(phytate, IP6) and inositol have been demonstrated to exert a wide
array of anticancer effects, presumably through a multi-targeted
activity, both in vitro [46] as well as in vivo [47]. Inositol has been
proven to inhibit the PI3K/Akt pathway in cancer and to partici-
pate in CSK remodeling. As the activation of PI3K/Akt axis is
emerging as a pivotal feature of EMT [6], altogether with CSK re-
modeling, we hypothesize that myo-inositol addiction could revert
that transition in breast cancer cells in which inositol has pre-
viously been demonstrated to be effective [47]. Indeed, data ob-
tained by our experimental model supported this hypothesis and
indicated that myo-inositol is successful in inducing MET in MDA-
MB-231 cells. It has been previously evidenced that re-expression
of full-length E-cadherin is sufficient in MDA-MB-231 cells to re-
store a morphological and functional reversion of the epithelial
phenotype [48]. Thereby it is likely that INS, in re-expressing
E-cadherin up to seven fold when compared with control cells,
may trigger MET thought that pathway. Inhibition of both mi-
grating capability and invasiveness are indeed compatible with the
reversion of the mesenchymal phenotype, even if such transition
cannot be considered ‘complete’. In fact, INS does not slow-down
α-SMA in a significant manner, even if an undisputed trend in α-
SMA reduction was observed. Different MET subtypes – as opposed
to ‘complete’ MET – have been described, comprising a wide
spectrum of changes in epithelial plasticity [49,50]. Therefore, it
can be hypothesized that INS contributes in triggering MET, yet
without achieving a ‘full’, complete transition. Nevertheless, even
if pharmacological dose of INS displays an efficient activity on
several, different molecular targets, yet some redundant pathways
may be still active in maintaining a few EMT features. Moreover,
such effects are observed only with the pharmacological con-
centration of INS, as that utilized in clinical settings [12]. Physio-
logical values of INS in blood range from 0.03 to 0.1 mM [51]. At
the used physiological concentration (0.1 mM), no significant
changes were recorded in our experiments. Noticeably, the only
exception was represented by the meaningful decrease in PS1 le-
vels, observed at both 24 and 72 h. This result is intriguing as it
suggests that INS exerts an inhibitory control on PS1 activity under
physiological conditions.

Results provided herein should be considered as a preliminary
hint, which deserves further studies to identify the mechanistic
details supporting the INS-based activity on cancer cells. As the
restoration of a MET program should efficiently slow down the
differentiation and dissemination of cancer cells, such results may
be of interest, as targeting EMT processes is becoming a relevant
issue in tumor management.
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Fig. 10. Immunoblots showing expression of Rock 1 (a), Rock 2 (b) and PMLC (c) in
MDA-MB-231 cells treated with 4 mM INS for 24 h. Data represent densitometric
quantification of optical density (OD) of specific protein signal normalized with the
OD values of GAPDH, used as loading control. Values are means of three in-
dependent experiments, with standard deviations represented by vertical bars.
*po0.5; **po0.01; ***po0.001 by unpaired two-tailed t-test.
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Fig. 11. Immunoblots showing expression of PS1 (a), NF-kB (b), COX-2 (c), p-Akt/Akt ratio (d), fascin (e), E-cadherin (f) in ZR-75 cells treated with 4 mM INS for 24 h. Data
represent densitometric quantification of optical density (OD) of specific protein signal normalized with the OD values of GAPDH as loading control; p-Akt was normalized
using Akt as loading control. Values are means of three independent experiments, with standard deviations represented by vertical bars. *po0.5; **po0.01; ***po0.001 by
unpaired two-tailed t-test.

Fig. 12. Immunoblots showing expression of PS1 (a), NF-kB (b), COX-2 (c), p-Akt/Akt ratio (d), fascin (e), E-cadherin (f) in MDA-MB-231 cells treated with 0.1 mM INS for
24 h. Data represent densitometric quantification of optical density (OD) of specific protein signal normalized with the OD values of GAPDH as loading control; p-Akt was
normalized using Akt as loading control. Values are means of three independent experiments, with standard deviations represented by vertical bars. ***po0.001 by
unpaired two-tailed t-test.
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