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Epithelial-to-mesenchymal transition markers are differentially
expressed in epithelial cancer cell lines after everolimus treatment
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Abstract. The epithelial-to-mesenchymal transition (EMT)
is a phenomenon during which cancer epithelial cells
undergo changes in plasticity and lose cell-cell adhesion with
consequent remodeling of the extracellular matrix and devel-
opment of mesenchymal characteristics. Long non-coding
RNAs (IncRNAs) have been described as EMT modulation
markers, becoming a promising target in the development of
new therapies for cancer. The present study aimed to investi-
gate the role of everolimus at 100 nM as inductor of the EMT
phenomenon in cell lines derived from human breast (BT-549),
colorectal (RKO-AS45-1) and ovary (TOV-21G) cancer. The
integrity of cellular junctions was monitored using an in vitro
model of epithelial resistance. The results demonstrated that
the EMT genes ZEBI, TWISTI and TGFBI were differentially
expressed in cells treated with everolimus compared with
in untreated cells. IncRNA HOTAIR was upregulated post-
treatment only in BT-549 cells compared with in untreated cells.
After treatment with everolimus, the intensity of fluorescence
of P-cadherin decreased, and that of fibronectin increased in
RKO-AS45-1 and TOV-21G cells compared with control cells.
The transepithelial electrical resistance at the RKO-AS45-1
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monolayer treated with everolimus started to decrease at 48 h.
The changes in the gene expression and epithelial resistance
may confirm the role of everolimus in EMT.

Introduction

The epithelial-to-mesenchymal transition (EMT) is a
phenomenon during which cancer epithelial cells undergo
changes in plasticity and lose cell-cell adhesion with
consequent remodeling of the extracellular matrix and
acquisition of mesenchymal characteristics (1,2). The EMT
phenomenon is associated with carcinogenesis, metastasis and
chemoresistance (3).

EMT is regulated by a complex signaling network that
involves transcription factors such as zinc-finger enhancer
binding protein (ZEB1/2), twist family basic helix-loop-helix
transcription factor 1/2 (TWIST1/2) and transforming growth
factor beta (TGF-f3) family members (4). TWIST1 transcrip-
tion factor decreases the expression levels of epithelial genes,
such as E-cadherin, and increases the expression levels of
mesenchymal genes, such as fibronectin; ZEBI is another tran-
scriptional factor that regulates E-cadherin expression, while
TGFBI changes the plasticity of epithelial cells and promotes
the remodeling of extracellular matrix composition (4).

A large number of long non-coding RNAs (IncRNAs)
have been described as EMT modulation markers, becoming
a promising target in the development of new therapies for
cancer, especially due to their tissue-specific expression (5,0).
One such IncRNA is HOX transcript antisense RNA
(HOTAIR), which comprises ~2.2 kb and contains six exons
transcribed from the HOXC locus and is located on chromo-
some 12q.13.13 (5). High expression levels of HOTAIR are
associated with a poor prognosis in various types of cancer,
such as colorectal, ovary and breast cancer (3-7).

Everolimus belongs to a class of drugs known as selective
inhibitors of mTOR, with a specific target in the mTORCI1
signal transduction complex, and has demonstrated antitumor
activity in breast cancer preclinical models and in clinical
trials (8-12). However, it has been described in the literature
that at a concentration of 100 nM, everolimus induces the
EMT phenomenon (11,12).
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The present study aimed to investigate the role of 100 nM
everolimus in EMT through morphological characterization
of cell lines derived from human breast (BT-549), colorectal
(RKO-AS45-1) and ovary (TOV-21G) cancer and by the
evaluation of the mRNA expression of EMT regulators ZEBI,
TWISTI and TGFBI, and IncRNA HOTAIR. In addition, an
in vitro model of transepithelial/transendothelial electrical
resistance (TEER) monitoring was used as means of assessing
the integrity of cellular junctions.

Materials and methods

Cell culture. Cell lines BT-549 (breast ductal carcinoma;
HTB-122™), TOV-21G (ovarian adenocarcinoma;
CRL-11730™), RKO-AS45-1 (colorectal carcinoma;
CRL-2579™) and WI-26 VA4 (lung fibroblast used as a control;
CCL-95.1™) were purchased from the American Type Culture
Collection. The BT-549 cell line was cultured in RPMI-1640
medium (Sigma-Aldrich; Merck KGaA) supplemented with
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.) inactivated at 56°C for 30 min, 1% 0.2 M L-glutamine
and 10 mg/ml bovine insulin (Sigma-Aldrich; Merck KGaA).
The TOV-21G cell line was grown in high-glucose Dulbecco's
modified Eagle's medium (Sigma-Aldrich; Merck KGaA)
supplemented with 15% FBS and 1% 0.2 M L-glutamine, and
the RKO-AS45-1 and WI-26 VA4 cell lines were cultured
in RPMI-1640 medium supplemented with 10% FBS and
1% 0.2 M L-glutamine. Cells were incubated at 37°C in a
humidified atmosphere enriched with 5% CO,. The experi-
ments were carried out obeying a certain passage number
(between passages 4 and 6).

Everolimus solubilization. Everolimus (molecular weight,
958.224 g/mol) was suspended in dimethyl sulfoxide (DMSO)
to achieve a concentration of 1 mM; for all assays, the final
concentration of 100 nM diluted in culture medium was used.

Extraction of total RNA and reverse transcription. Total
RNA was extracted from tumor cells in culture before and
after treatment with everolimus at 100 nM for 24 h and from
the normal cell line WI-26 VA4 without treatment using the
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. The quantifica-
tion of the total RNA extracted from cells was performed
using a Nanovue™ Plus Spectrophotometer. The integrity
of the extracted total RNA was evaluated by 1% agarose gel
electrophoresis. A total of 2 pg total RNA was treated with the
RNAse-Free DNase set (Qiagen), and complementary DNA
(cDNA) synthesis was performed using the M-MLV Reverse
Transcriptase® kit (Sigma-Aldrich; Merck KGaA), Oligo dT
(Eurofins Scientific) and dNTPs (Promega Corporation)
according to the manufacturer's instructions.

Quantitative PCR (gPCR). Transcript analysis of ZEBI,
TWISTI and TGFBI was performed by qPCR using PowerUp™
SYBR® Green Master Mix (Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. The primers used
are shown in Table I. The TATA-binding protein (TBP) gene
was used as the endogenous housekeeping gene. The reactions
were subjected to specific amplification cycles (40 cycles of

denaturation at 95°C for 15 sec and annealing/elongation
at 60°C for 1 min) and the dissociation curve according to
the manufacturer's instructions. The expression of IncRNA
HOTAIR was evaluated using TagMan® Non-Coding RNA
assay (Applied Biosystems; Thermo Fisher Scientific, Inc.).
TagMan® Universal Master mix (Thermo Fisher Scientific,
Inc.) was used according to the manufacturer's instructions,
and TBP and 18S genes were used as endogenous controls,
with the results normalized to the average of the endogenous
controls. This assay was performed once in duplicate. Total
RNA and cDNA-free samples were used as controls in each
assay. Cycling and data collection were performed on a
StepOne™ Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Gene expression was quanti-
fied using the relative 2444 quantification method (13). In
order to determine the relative changes in the mRNA expres-
sion levels of TGFBI1, TWISTI and ZEBI in the cells treated
with everolimus compared with untreated samples, ACt values
from three normalization controls were used: i) Untreated
samples of each cell line; ii) untreated BT-549 samples; and
iii) untreated WI-26 VA4 samples.

Fluorescence microscopy. The cell lines (BT-549,
5x10%cells/well; TOV-21G andRKO-AS45-1,2.5x10* cells/well)
were seeded on Lab-Tek slides (Thermo Fisher Scientific,
Inc.) and incubated overnight at 37°C in 5% CO,. After treat-
ment with 100 nM everolimus for 24 h, BT-549, TOV-21G
and RKO-AS45-1 were fixed with 4% formaldehyde for
1 h, permeabilized with 0.1% Triton X-100 for 10 min and
labeled with DAPI, Phalloidin and LysoTracker® Red DND-99
probes (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions, all at room temperature.
The labelling was assessed using an Axiovert 200M fluo-
rescence microscope (Carl Zeiss AG) with AxioVision
Rel. 4.8.2 software (Carl Zeiss AG). The fluorophores were
read according to each emission spectrum (DAPI, 461 nm;
Phalloidin, 518 nm; and LysoTracker, 590 nm). To evaluate
whether everolimus affected the cytoskeleton of the cells,
the nuclei of 25 cells labeled with DAPI and Phalloidin were
measured (in the same slide). Using ImageJ version 1.50i
software (National Institutes of Health), a region of interest
was drawn manually around each LysoTracker-labeled cell,
and the corrected total cell fluorescence (CTCF) was calcu-
lated by subtracting the fluorescence intensity of the selected
cell area multiplied by the mean bottom well fluorescence
(background).

Immunofluorescence. The cell lines (BT-549, 5x10* cells/well,
TOV-21G and RKO-AS45-1, 2.5x10* cells/well) were seeded
on Lab-Tek slides (Thermo Fisher Scientific, Inc.) and incu-
bated overnight at 37°C in 5% CO,. Following 24-h treatment
with 100 nM everolimus, the cells were fixed with 4% formal-
dehyde solution for 1 h, permeabilized with 0.1% Triton X-100
for 10 min and labeled for 45 min with anti-E-cadherin
(1:50; cat. no. 610182; BD Biosciences), anti-P-cadherin
(1:50; cat. no. 610228; BD Biosciences) and anti-fibronectin
antibodies (1:50; cat. no. A21316; Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturers' instructions,
all at room temperature. After incubation, the wells were
washed with 1X PBS three times, and the wells incubated with
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Table I. Details of primers used for quantitative PCR.
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Gene Sequence (5'—3") Concentration, nM
ZEBI F: TTACACCTTTGCATACAGAACCC 300

R: TTTACGATTACACCCAGACTGC 300
TWISTI F: GTCCGCAGTCTTACGAGGAG 300

R: GCTTGAGGGTCTGAATCTTGCT 150
TGFBI F: AACTGCTTCCTGTATGGGGTC 300

R: AAGGCGTCGTCAATGGACTC 200
TBP F: CGGCTACCACATCCAAGGAA 250

R: GCTGGAATTACCGCGGCT 250

F, forward; R, reverse; TBP, TATA-binding protein; TGFBI, transforming growth factor f1; TWISTI, twist family basic helix-loop-helix

transcription factor 1; ZEB1, zinc finger E-box-binding homeobox 1.

the primary antibodies against E/P-cadherin were incubated
with a FITC-conjugated anti-mouse IgG secondary antibody
(1:128; cat. no. F5262; Sigma-Aldrich; Merck KGaA), whereas
the wells incubated with anti-fibronectin were incubated
with an Alexa 594-conjugated anti-chicken IgG secondary
antibody (1:500; cat. no. A32759; Invitrogen; Thermo Fisher
Scientific, Inc.) for 2 h, all at room temperature. After incu-
bation, the wells were washed three times with 1X PBS,
and the nuclei were labeled with DAPI. The markers were
analyzed under the Axiovert 200M fluorescence microscope
using AxioVision Rel. 4.8.2 software. The 25-cell CTCF in
the same slide was also calculated using ImageJ software as
aforementioned. The fluorescence intensity of the nuclei was
subtracted from the integrated density obtained within the
outline of each cell.

MTT assay. Cell viability in the presence of 100 nM
everolimus was determined using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide method (MTT) as
previously described by Mitchell et al (14). Untreated cells and
those treated with hydrogen peroxide were used as negative and
positive controls, respectively. The absorbance measurement
was performed using a spectrophotometer (SpectraMax® M5e;
Molecular Devices, LLC) at 550 nm. The viability of the
treated cells was calculated by dividing the absorbance value
of the treated cells by the mean of the untreated control multi-
plied by 100.

Clonogenic assay. The clonogenic assay was performed as
previously described by Franken er al (15). RKO-AS45-1
(500 cells) and TOV-21G (1,500 cells) cell lines were treated
with 100 nM everolimus and seeded in 60-mm culture
dishes in triplicate. The cells were incubated at 37°C for
7 days. Colonies with =50 cells were counted. The plating
efficiency (PE) was determined by dividing the mean number
of colonies of the controls by the number of plated cells. The
surviving fraction (SF) was calculated by dividing the mean of
colonies formed after treatment by the number of plated cells
and multiplying the result by the PE. The result was multi-
plied by 100%. The colonies were analyzed with DAPI and
Phalloidin probes as aforementioned.

Transepithelial electrical resistance measurement.
RKO-AS45-1 cells were treated in individual wells with
either: 1) 1 pg their own total RNA; ii) 700 ng/ml TGF-a; or
iii) 100 nM everolimus, and seeded in RPMI-1640 medium
supplemented with 10% FBS, 100 U penicillin and 100 ug
streptomycin in a Transwell® system (Corning, Inc.) with a
3-um polystyrene membrane and a growth area of 1.12 cm?.
Cell resistance was measured using the Millicell® ERS 2
apparatus (EMD Millipore) at 0, 3, 24 and 48 h. To obtain the
correct resistance in Ohms, the resistance value of the wells
with medium was subtracted from the resistance value of the
wells with cells, and the correct resistance value was obtained
by multiplying this with the membrane area. This experiment
was carried out in biological triplicates.

Protein-protein interaction (PPI) network and molecular
classification of the cell lines. The STRING database
(version 10.5) was used to evaluate PPIs (16). Classification
of the mutations in EMT genes evaluated in the present study
was performed using the somatic mutation database COSMIC
v85 (https://cancer.sanger.ac.uk/cosmic). The molecular
classification of RKO, the parental cell line of RKO-AS45-1,
was used due to the absence of the data for RKO-AS45-1 cells
in the database.

Statistical analysis. Statistical analyses were performed with
SPSS 20 software (IBM Corp.). Differences in gene expres-
sion and cell resistance between groups were analyzed using
one-way ANOVA with the least significant difference post hoc
test. The results of the microscopy assays were analyzed using
the non-parametric Mann Whitney test. The results of the
cell viability and clonogenic assays were evaluated using the
Kruskal Wallis test followed by the least significant difference
test. P<0.05 was considered to indicate a statistically
significant difference.

Results
Everolimus alters the transcription of the EMT regulators.

The results of the qPCR analysis demonstrated that TGFBI
appeared to be upregulated in the RKO-AS45-1 and BT-549
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Figure 1. Everolimus changes the gene transcription of epithelial-to-mesenchymal transition regulators. (A-C) Evaluation of the mRNA expression of ZEBI,
TWISTI and TGFBI by quantitative PCR. The results are presented as the fold-change compared with NT, BT and WI groups. (A) RQ of TGFBI mRNA expres-
sion. (B) RQ of TWISTI mRNA expression. (C) RQ of ZEBI mRNA expression. n=2. (D) Evaluation of IncRNA HOTAIR expression in everolimus-treated
BT-549 cells by quantitative PCR normalized to untreated BT-549 cells. “P<0.05; “P<0.01. NT, samples not treated with everolimus; BT, untreated sample of
BT-549 cells; WI, untreated sample of WI-26 VA4 cells; TGFBI, transforming growth factor f1; TWISTI, twist family basic helix-loop-helix transcription
factor 1; ZEBI, zinc finger E-box-binding homeobox 1; RQ, relative quantification.

cell lines treated with everolimus independently compared
with all three types of normalization control, whereas in the
TOV-21G cell line, TGFBI appeared to be downregulated
(Fig. 1A). However, these results were not statistically signifi-
cant. Significant differences between TWISTI RQs normalized
to the three controls were observed in the RKO-AS45-1 and
BT-549 cell lines following everolimus treatment (Fig. 1B).
TWISTI was downregulated in RKO-AS45-1 compared with
untreated BT-549 and WI-26 VA4 cells, but upregulated
compared with untreated RKO-AS45-1 cells. In BT-549 cells,
TWISTI was upregulated compared with all three normal-
ization controls. In TOV-21G cells, TWIST!I appeared to be
downregulated compared with the control, and no statistical
differences were observed between the analyzed groups.
The analysis of ZEBI RQ (Fig. 1C) demonstrated that the
expression of its mRNA appeared to be downregulated in
the three cell lines compared with that in untreated BT-549
cells, but upregulated in RKO-AS45-1 and TOV-21G cell lines
compared with the respective untreated cell lines and WI-26
VA4. However, only the differences observed in the expression
of ZEBI in TOV-21G were statistically significant.

IncRNA HOTAIR is upregulated in BT-549 cells after
treatment with everolimus. Only the BT-549 triple negative
breast cancer cell line demonstrated amplified IncRNA
HOTAIR following treatment with everolimus (Fig. 1D).

Everolimus induces morphological changes in cell lines. In
untreated BT-549 cells, extensive cytoplasmic projections were

observed before exposure to everolimus (white arrow; Fig. 2A).
Analyses of RKO-AS45-1 (Fig. 2C) and TOV-21G (Fig. 2E)
nuclei did not reveal any significant changes in cell size.
However, after treatment with everolimus, the RKO-AS45-1
cells exhibited cytoplasmic extensions (white circle) similar to
those of untreated BT-549 cells. BT-549 cells were negative for
the epithelial markers E/P-cadherin (Fig. 2B), but positive for
the mesenchymal marker fibronectin (Fig. 3). RKO-AS45-1 and
TOV-21G cells were positive for E/P-cadherin (Fig. 2D and F,
respectively), but most of the RKO-AS45-1 and TOV-21G cells
were negative for fibronectin (Fig. 3).

Following treatment with everolimus, a loss of BT-549
cell cytoskeleton integrity was observed, as demonstrated
by the CTCF analysis of cell nuclei measured (Fig. 4A). No
statistical differences in lysosome labeling were observed
between the untreated and everolimus-treated groups of
BT-549 cells. Analysis of the lysosomal profile revealed a
significant decrease in the CTCF of RKO-AS45-1 cells and
a significant increase in the CTCF of TOV-21G cells treated
with everolimus compared with untreated cells (Fig. 4A).
After treatment with everolimus, no significant changes
were observed for E/P-cadherin or fibronectin CTCF in the
BT-549 cell line (Fig. 4B-D). Treatment with everolimus also
did not affect the expression of E-cadherin in RKO-AS45-1
and TOV-21G cells. However, a decrease in P-cadherin
expression and an increase in fibronectin expression were
observed in the RKO-AS45-1 and TOV-21G cell lines treated
with everolimus compared with the untreated control cells
(Fig. 4B-D).
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Figure 2. Morphological characterization of cells treated with everolimus by fluorescence microscopy and immunofluorescence. (A-F) Cells treated with
0 or 100 nM everolimus labeled with DAPI, (A, C and E) Phalloidin and LysoTracker Red DND 99 or (B, D and F) anti E/P-cadherin. (A) In the BT-549
cell line, following treatment with everolimus, filopodia (white arrow) were diminished. (B) Immunofluorescence analysis of E/P cadherin epithelial
markers in the BT-549 cell line. (C) RKO-AS45-1 exhibited cytoplasmic extensions similar to those of BT-549 before everolimus treatment (white circles).
(D) Immunofluorescence analysis of E/P cadherin in RKO-AS45-1 cells. (E) Morphological characterization by fluorescence microscopy of the TOV-21G cell
line. (F) Immunofluorescence analysis of E/P cadherin in TOV-21G cells. Magnification, x20. Scale bar, 50 M.

Everolimus decreases proliferation in BT-549 cells. The
MTT assay was performed to evaluate the survival of BT-549,
RKO-AS45-1 and TOV-21G cells following treatment with
everolimus to determine whether the 100 nM concentration of
the drug may lead to an increase in cell proliferation (Fig. 5A).
The viability of RKO-AS45-1 and TOV-21G cells treated with
everolimus was higher compared with that of the positive
and negative controls; however, the differences between the

everolimus-treated and untreated groups were not significant.
By contrast, the viability of BT-549 cells after treatment with
everolimus was significantly lower compared with that of the
untreated controls.

Everolimus induces clonogenic survival. RKO-AS45-1 cells
treated with 100 nM everolimus were observed to form colo-
nies that were farther distanced from each other compared
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Figure 3. Immunofluorescence analysis of the mesenchymal marker fibro-
nectin. Cells were treated with 0 or 100 nM everolimus, and the nuclei were
labeled with DAPI. Magnification, x20. Scale bar, 50 xM.

with those formed by untreated cells (Fig. 5B). A high SF was
observed, especially for TOV-21G cells, but the difference
between the treated and untreated cells was not statistically
significant (Fig. 5C).

Everolimus induces changes in TEER. According to the
aforementioned results, RKO-AS45-1 cells exhibit more
EMT characteristics after treatment with 100 nM everolimus.
Therefore, this cell line was selected for the TEER assay. The
TEER of the RKO-AS45-1 monolayer started to decrease
at 48 h post-treatment with TGF-a and everolimus, indicating
changes in the integrity of the cell monolayer. However, no
significant differences were observed among the treatments
(Fig. 5D).

PPIs and classification of EMT target mutations. The analysis
in the STRING database was performed to explore the PPIs
of the EMT targets evaluated in the present study (Fig. 6). No
mutations were identified in the EMT genes in BT-549 and
TOV-21G cells (Table II). For the RKO cell line, missense
mutations were identified in the TGFBI and P-cadherin genes,
and nonsense mutations were identified in ZEBI.

Discussion

EMT is a highly orchestrated event involving a series of
changes that lead to the loss of epithelial cell characteristics,
such as a decrease in adhesion molecules and apical-basal
polarity, and to the acquisition of a mesenchymal phenotype
and the capacity of invasion and migration through the
remodeling of the extracellular matrix, with the release of
metalloproteases and expression of fibronectin, laminin and

collagen; therefore, the EMT phenomenon is closely associated
with carcinogenesis, metastasis and chemoresistance (17).

In TGFBI, TWISTI and ZEBI relative gene expression
assays in the present study, untreated BT-549 and WI-26 VA4
samples were used as normalization controls. The BT-549 cell
line exhibits mesenchymal characteristics, and are cells that
have undergone EMT (18). WI-26 VA4 cells are fibroblasts;
therefore, they have a true mesenchymal phenotype (19).

TWIST transcription factors serve an important role in
the EMT phenomenon, especially in cancer cells; TWIST
decreases the expression of epithelial genes, such as
E-cadherin, and promotes the expression of mesenchymal
genes, such as fibronectin (20). In addition to TWIST1, ZEB1
is another transcriptional factor that regulates E-cadherin
expression by binding to regions known as enhancers, thus
decreasing the transcription efficiency of this gene (20). In
addition, the TGFBI protein is involved in EMT, as it changes
the plasticity of epithelial cells and promotes the remodeling
of the extracellular matrix composition, thus stimulating the
expression of proteins such as collagen and fibronectin, as well
as being involved in the differentiation and maintenance of
cancer stem cells (CSCs) (21,22).

Previous studies have demonstrated that TGFBI is
capable of inducing EMT in colorectal and breast cancer
cell lines (4,23-25). In the present study, the upregulation of
TGFBI mRNA expression was observed in RKO-AS45-1 and
BT-549 cells after treatment with everolimus compared with
all three normalization controls, although these results were
not statistically significant. Wang et al (26) have demonstrated
that overexpression of TWIST! induces the EMT phenomenon
in breast cancer cells. In addition, TWIST1 has been described
as a potential biomarker of poor prognosis, chemoresistance,
metastasis and disease recurrence in colorectal cancer (26-28).
Thus, the results of the present study indicating the upregula-
tion of TWISTI in breast and colorectal cancer cells following
everolimus treatment compared with that in untreated
cells reinforces the hypothesis that everolimus acts as an
inducer of the EMT. The upregulation of ZEBI expression in
RKO-AS45-1 and TOV-21G cells after treatment compared
with that in untreated cells observed in the present study
was also in agreement with the hypothesis that everolimus
triggers the in vitro EMT phenomenon. The downregulation
of TGFBI and TWISTI in TOV-21G cells compared with
all three normalization controls may indicate that the EMT
phenomenon in these cells was dependent on other pathways
different from those triggered by these targets.

Gupta et al (29) have demonstrated that IncRNA HOTAIR
is associated with metastasis in breast cancer. HOTAIR
interacts with the polycomb repressive complex 2 and causes
repression of epithelial markers such as E-cadherin via H3K27
trimethylation, thereby promoting EMT and inducing cancer
stem cell features (29).

In the BT-549 cell line, which is representative of a
basal-like subtype of triple-negative breast tumors charac-
terized by lack of treatment and aggressiveness (18,30,31),
high expression levels of HOTAIR may be considered a poor
prognostic feature (29). According to Padua et al (32), cells that
express high levels of HOTAIR also exhibit high expression
levels of EMT-inducing genes, such as ZEBI, TWISTI and
TGFBI.
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Table II. Classification of mutations in EMT targets in cell lines used in the present study according to the COSMIC database.

Cell line Mutation Type

BT-549 Not found

RKO ZEBI (ENSG00000148516) Substitution nonsense
TGFB1 (ENST00000221930) Substitution missense
CDH3 (ENSG00000062038) Substitution missense

TOV-21G Not found

EMT, epithelial-to-mesenchymal transition; TGFBI, transforming growth factor $1; ZEBI, zinc finger E-box-binding homeobox 1; CDH3,
P-cadherin.
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Figure 4. Analysis of the CTCF profiles of the BT-549, RKO-AS45-1 and TOV-21G cell lines treated with everolimus compared with untreated cells.
(A) Following everolimus treatment, significant changes were observed in BT-549 cell size; however, there were no changes in the lysosomal CTCF.
RKO-AS45-1 and TOV-21G cells exhibited no changes in the cell size, but a decrease in lysosomal CTCF was observed in RKO-AS45-1 cells, and an increase
in lysosomal CTCF was observed in TOV-21G cells. (B-D) No significant changes in the E/P cadherin profile and fibronectin were observed in BT-549
cells following everolimus treatment; in RKO-AS45-1 and TOV-21G cells, there were no changes in the E-cadherin profile; however, there a decrease in the
P-cadherin level and an increase in fibronectin were observed after everolimus treatment. n=25. ‘P<0.05. CTCF, corrected total cell fluorescence.
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Figure 5. Cell viability, clonogenic cell survival assay and transepithelial resistance analysis. (A) The viability of BT-549 (beige bars), RKO-AS45-1 (blue bars)
and TOV-21G (green bars) cells following treatment with 100 nM everolimus was analyzed by the MTT method and normalized to untreated cells (control).
(B) Microscopy analysis of the colonies formed by RKO-AS45-1 and TOV-21G cells treated with 0 or 100 nM everolimus, and labeled with DAPI/Phalloidin.
(C) Surviving fraction of RKO-AS45-1 and TOV-21G cells treated with 0 or 100 nM everolimus. No significant differences were observed. Untreated cells
were used as the control. (D) Transepithelial resistance profile of RKO-AS45-1 cells. No significant differences were observed. Untreated cells were used as
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The occurrence of filopodia (projections of the cytoplasm
described in the literature as structures rich in actin filaments
that contribute to cell movement) in cancer increases the inva-
sive and migratory abilities of cells, and is also associated with
the EMT phenomenon (33). In the present study, RKO-AS45-1
cells exhibited filopodia after everolimus treatment at 100 nM,
and together with the upregulated EMT gene expression, it
was hypothesized that these cells may have undergone EMT

after treatment. However, only TWIST! expression exhibited
significant differences.

No significant differences in lysosomes were observed in
BT-549 cells; however, analysis of the lysosomal profile revealed
a significant decrease in the CTCF of RKO-AS45-1 cells and
a significant increase in the CTCF of TOV-21G cells treated
with everolimus compared with untreated cells. Changes in
CTCF in lysosome labeling can be explained by the presence of
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the mTORC1 complex, which is a target of everolimus, on the
surface of lysosomes (34). When mTORC is inactive, transcrip-
tional factors translocated to the nucleus of the cells promote
the expression of genes that increase lysosome catabolism,
allowing the fusion with autophagosomes (34).

During the EMT, epithelial cells decrease the expression
of epithelial markers such as E- and P-cadherin, and start
to express mesenchymal markers such as N-cadherin, fibro-
nectin and vimentin (17). These changes cause morphological
cellular alterations, and the cells acquire fusiform aspects
characteristic of mesenchymal cells (17). According to Ribeiro
and Paredes (17), the loss of P-cadherin is a particularly
common event in triple-negative breast cancer cells with a
CD24"" and CD44"" profile. The results of the present study
confirmed that BT-549 cells exhibited a mesenchymal pheno-
type and metastatic characteristics, as previously described in
the literature, regarding the negative E/P cadherin and positive
fibronectin profile (35,36). However, in the present study,
following treatment with everolimus, BT-549 cells remained
negative for the epithelial marker E/P-cadherin, but positive
for the mesenchymal marker fibronectin.

Chen et al (37) have demonstrated that the inhibition of the
mTORC1 complex may induce hyperactivation of the mMTORC2
complex, which induces the phosphorylation and activation
of the AKT protein and cell proliferation. Considering that
the mTORCI protein complex is a target of everolimus (34),
the results observed in the MTT assay for RKO-AS45-1 and
TOV-21G in the present study may be explained by the high
everolimus concentration, which may have induced hyperactiva-
tion of mMTORC?2, causing AKT phosphorylation and increased
cell proliferation. The low survival rate of BT-549 cells may
be associated with the upregulation of TGFBI after treatment
with everolimus as previously reported by Zarzynska (38).
In breast cancer, TGFBI inhibits cell cycle progression and
promotes apoptosis, which together contribute to the tumor
suppressive effect during carcinogenesis (38).

The clonogenic assay is considered a gold standard test to
evaluate the reproductive death of cells exposed to a certain
treatment by their ability to form colonies (14). In cancer
cells, the clonogenic ability is associated with chemotherapy
sensitivity (14,39). In the present study, following treatment
with everolimus, the RKO-AS45-1 colonies were distanced
from each other; this may have occurred due to everolimus
causing alterations in the cell-cell interactions, which may be
associated with the decrease in P-cadherin and increase in
fibronectin expression.

Reya er al (40) have suggested that within the tumor
microenvironment, there is a small cell subset with a high
proliferative potency, clonogenic capacity and metastatic
potential termed CSCs. These authors also suggested that
chemo- or radioresistance may have enriched subpopulations
of CSCs as a result of the EMT phenomenon. Thus, the high
rates of surviving fraction observed in the clonogenic assay in
the present study may be associated with the changes acquired
during the EMT event and possibly with the presence of
CSCs. Therefore, the results of the present study confirmed
the association between everolimus and EMT in a manner that
suggests that this drug is an EMT inducer.

The clonogenic assay was not performed using BT-549
cells in the present study as this cell line did not form colonies
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during the experimental protocol. This result may be explained
by the absence of adhesion glycoprotein E/P-cadherin
expression, which prevented the cell-cell interaction necessary
for colony formation.

The TEER measurement of a cell monolayer is a sensitive
and reliable method to confirm the integrity and perme-
ability of cells (41). TEER is considered an indicator of
cellular junction integrity, since low values of TEER indi-
cate an increase in the electric current passage between cell
membranes, and thus an alteration in the cell monolayer (41).
In addition, TEER is a non-invasive method that can be
applied to monitor living cells during various stages of growth
and differentiation. In the present study, RKO-AS45-1 cells
were treated with the total RNA isolated from this cell line
since certain non-coding RNAs modulate cellular plasticity,
interfering in different signaling pathways and leading the
cells to acquire a mesenchymal phenotype, a condition related
to EMT (42). Members of the TGF family serve an impor-
tant role in the signaling pathways involved in cell growth,
proliferation and differentiation, and ability to change the
expression of cellular junction proteins, leading to the loss
of cell polarity and inducing the EMT phenomenon, which
has been previously described (43,44). Tomei et al (11) have
demonstrated that 100 nM everolimus regulates the expres-
sion of proteins associated with cell-cell interaction, such as
E-cadherin and tight junction protein 1, contributing to the
decrease in cell polarity and the interaction between cancer
cells, which increases the possibility of metastasis.

In conclusion, the present study investigated the in vitro
effects of everolimus on the EMT properties in three epithelial
cancer cell lines. The BT-549 cell line has been previously
described to exhibit EMT characteristics (18), whereas to
the best of our knowledge, there are no reports regarding
the RKO-AS45-1 and TOV-21G cell lines. The present study
supported the idea that everolimus may trigger EMT in
tumor cells that do not exhibit this characteristic; in addition,
the results of the present study open the door to the use of a
non-invasive model for evaluating and monitoring epithelial
resistance in cancer cells. Therefore, further studies using
human clinical samples will be conducted by our group to
confirm these findings.
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