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Abstract: Triple-negative breast cancer (TNBC) is one of the most common malignancies worldwide
and shows maximum invasiveness and a high risk of metastasis. Recently, many natural compounds
have been highlighted as a valuable source of new and less toxic drugs to enhance breast cancer
therapy. Among them, S-adenosyl-L-methionine (AdoMet) has emerged as a promising anti-cancer
agent. MicroRNA (miRNA or miR)-based gene therapy provides an interesting antitumor approach
to integrated cancer therapy. In this study, we evaluated AdoMet-induced modulation of miRNA-34c
and miRNA-449a expression in MDA-MB-231 and MDA-MB-468 TNBC cells. We demonstrated
that AdoMet upregulates miR-34c and miR-449a expression in both cell lines. We found that the
combination of AdoMet with miR-34c or miR-449a mimic strongly potentiated the pro-apoptotic
effect of the sulfonium compound by a caspase-dependent mechanism. For the first time, by video
time-lapse microscopy, we showed that AdoMet inhibited the in vitro migration of MDA-MB-231
and MDA-MB-468 cells and that the combination with miR-34c or miR-449a mimic strengthened the
effect of the sulfonium compound through the modulation of β-catenin and Small Mother Against
Decapentaplegic (SMAD) signaling pathways. Our results furnished the first evidence that AdoMet
exerts its antitumor effects in TNBC cells through upregulating the expression of miR-34c and
miR-449a.

Keywords: S-Adenosylmethionine; triple negative breast cancer; cancer therapy; microRNA; cell
growth and migration; miRNA-34c; miRNA-449a

1. Introduction

Breast cancer is the most commonly diagnosed invasive cancer and the second-leading
cause of mortality among women worldwide [1,2]. The incidence rate of breast cancer has
increased rapidly over the past few decades and, although treatments have substantially
improved, a high percentage of patients succumb to the disease due to the progression
and development of metastases [3,4]. Among the breast cancer molecular subtypes, triple-
negative breast cancer (TNBC) shows the greatest invasiveness, a higher risk of metastasis,
and a worse prognosis [5,6].

Tumor metastasis is responsible for up to 90% of cancer-related deaths so, preven-
tion and treatment of metastasis are key to improving clinical outcomes [7]. Metastasis
is a multistep process that includes migration and invasion of cancer cells. Acquisition
of invasive traits by tumor cells involves morphological and functional changes associ-
ated with epithelial–mesenchymal transition (EMT), a highly regulated multistage trans-
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differentiation process that requires loss of cell-to-cell junctions, loss of epithelial polarity,
and the acquisition of migratory and invasive features of mesenchymal phenotype [8–10].

EMT has been implicated in breast cancer progression and metastasis and is also
involved in cancer stem cell expansion and chemoresistance to cancer treatment. For this
reason, finding a natural molecule without significant toxic side effects and capable of
reducing the spread of cancer cell is a major clinical challenge and recently intensive efforts
have been focused on understanding the molecular mechanisms, as well as new targets for
suppressing these processes [8–10]. Many natural compounds have been studied in recent
years for their potential in improving the therapeutic efficacy of chemotherapy drugs,
bypassing resistance to anticancer drugs or reducing the side-effects of chemotherapy.
Among natural compounds, the methyl donor S-adenosyl-L-methionine (AdoMet, also
called with the acronym SAM) has emerged as one of the most interesting and well-studied
naturally-occurring compounds for its therapeutic properties for several common diseases,
including cancer.

AdoMet, the second most extensively-used enzyme cofactor after ATP, performs
a wide of well-documented biological functions in all living cells and it is the linking
of three primary metabolic pathways: transmethylation, polyamines biosynthesis, and
transsulfuration [11,12]. Given the importance of AdoMet in cellular metabolism, it is
not surprising that this molecule is being studied as a possible therapeutic agent for
the treatment of various clinical disorders. Indeed, the role and therapeutic potential of
AdoMet in the treatment of various human diseases such as depression, liver disease, and
osteoarthritis are well known in the literature [13–15]. Interestingly, AdoMet is available as
a food supplement and its chemopreventive action is selective in targeting cancer cells but
not normal cells. In addition, at pharmacological doses AdoMet has an excellent tolerability
record without side effects [16,17]. Notably, in the last decade many in vitro and in vivo
studies have shown promising anti-cancer properties of AdoMet, and growing scientific
interest is now focusing on identifying the biological mechanisms and signal transduction
pathways related to the antitumoral activity of this physiological compound [18–24].

Experimental evidence has been reported showing that AdoMet is able to regulate,
through an epigenetic mechanism, the expression of genes playing a crucial role in cell
migration, invasion, and metastasis [25–31]. In prostate cancer cells, colorectal cancer cells,
and osteosarcoma cells, the methyl donor AdoMet is able to reverse the hypomethylated
state of prometastatic genes, including urokinase-type plasminogen activator (uPA) and
zinc-dependent matrix metalloproteinases (MMPs), which play a key role in the degrada-
tion and remodeling of the extracellular matrix and are also involved in the modulation of
all stages of carcinogenesis, from tumor initiation to metastasis [26–28]. AdoMet showed a
significant inhibitory effect on the migratory and invasive ability of Cal-33 and JHU-SCC-
011 cells, two head and neck squamous carcinoma cell lines, through modulation of AKT,
β-catenin, and SMAD signaling pathways [29]. The antimetastatic properties of AdoMet
have also been demonstrated in several non-invasive and invasive human breast cancers,
where the sulfonium compound induced a strong inhibition of tumor cell invasion in vitro
and tumor growth and metastasis in vivo [25,30,31]. AdoMet blocked the invasiveness and
metastatic properties of highly invasive MDA-MB-231 breast cancer cells by significantly
inhibiting the expression of uPA and MMP2 [25]. Furthermore, AdoMet synergized with
the DNA methylation inhibitor 5-aza-2-deoxycytidine to suppress uPA expression in vitro
and reduce breast tumor volume and lung metastases in vivo [30]. AdoMet in combina-
tion with 25-hydroxyvitamin has been shown to reduce the proliferation and clonogenic
survival of a panel of breast cancer cell lines in vitro and to inhibit tumor growth, lung
metastases, and colonization of breast tumor cells at the skeleton in vivo [31].

Recent experimental and clinical studies have improved our knowledge of tumor
metastasis formation, a dynamic program triggered by complex regulatory networks in-
volving transcription factors, non-coding RNAs, epigenetic modulators, and exogenous
inducers by the tumor microenvironment [8–10]. Among non-coding RNAs, microRNAs
(miRNA or miR) have emerged, in the last decade, as key players in tumorigenesis, through
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the post-transcriptional regulation of the main modulators involved in cell cycle progres-
sion, apoptosis, autophagy, as well as migration and invasion [32–35]. Many studies have
demonstrated that the aberrant expression of miRNAs plays a causal role in breast cancer
progression and directly contributes to cell proliferation and metastasis [33,35–38]. Due
to their fundamental role in tumorigenic and metastatic processes miRNAs have been
indicated as key targets in the diagnosis, prognosis and therapy of cancer [32–40].

Our research group has thoroughly investigated the antiproliferative and proapoptotic
role exerted by AdoMet in breast cancer [24,41,42] and recently provided the first evidence
that in hormone-positive breast cancer cells AdoMet is able to regulate the expression of
miRNA-34a, miRNA-34c, and miRNA-486-5p which play a crucial role in the development
and maintenance of the tumor cell phenotype [43].

Here, we reported that in MDA-MB-231 and MDA-MB-468 TNBC cells AdoMet
upregulated the expression of miR-34c and miR-449a, well-known regulators of specific
oncogenes and modulators of tumor growth and cancer metastasis in breast cancer [44–47].
We also showed that the treatment of cells with AdoMet in combination with either miR-34c
or miR-449a mimics significantly enhanced AdoMet-induced apoptosis. Finally, by time
lapse and monitoring the main molecular parameters related to migration and EMT we
demonstrated that the combined treatments potentiated the ability of AdoMet in inhibiting
cancer cell migration, strongly suggesting that in MDA-MB-231 and MDA-MB-468 cells
miR-34c and miR-449a acted as important mediators of AdoMet-induced inhibition of cell
migration. The obtained findings furnished further evidence for AdoMet as a potential
proapoptotic and antimetastatic agent for TNBC treatment.

2. Results
2.1. AdoMet Up-Regulated miR-34c and miR-449a Expression in MDA-MB-231 and
MDA-MB-468 TNBC Cells

Emerging evidence suggests that miRNAs play important roles in the pathogenesis of
many types of human cancers by modulating different genes in the context of signaling
pathways involved in tumor promotion or suppression [32–38].

MiRNA-34c and miRNA-449a, that belong to miRNA-34/449 superfamily, share sev-
eral target genes and a very similar seed sequence, a conserved heptameric sequence
comprising nucleotides 2–7 at the 5′ end of the miRNA, essential for binding to target
mRNA [44–47]. MiRNA-34c and miRNA-449a are downregulated in a wide range of
cancers, including human breast cancer suggesting their function as potential tumor sup-
pressors [43–47]. Notably, the up-regulation of miRNA-34 and miRNA-449 has been
demonstrated to regulate oncogenic pathways including cell proliferation, metastases and
apoptotic pathways [43–51].

To obtain insight into the functional mechanism underlying AdoMet’s anticancer
effects in TNBC cells, we evaluated its ability to induce the expression of miR-34c and
miR-449a by performing quantitative real-time PCR (qRT-PCR) analysis with pre-designed
probe-primer sets after 24- and 48 h treatment of MDA-MB-231 and MDA-MB-468 cells
with 500 µM AdoMet. The results obtained showed that the relative expression of the two
miRNAs was up-regulated by AdoMet in both TNBC cell lines. As shown in Figure 1, after
48 h, miR-34c expression was up-regulated about 2.25-fold and 1.85-fold in MDA-MB-231
and MDA-MB-468 cells, respectively, while the miR-449a level resulted approximately
about 1.19-fold and 1.57-fold higher than the corresponding untreated cells. The observed
AdoMet-induced up-regulation of miR-34c and miR-449a clearly highlighted the ability
of the sulfonium compound to reprogram the expression of non-coding miRNA-34/449
superfamily in TNBC.
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Figure 1. Effect of AdoMet on miR-34c and miR-449a expression in MDA-MB-231 and MDA-MB-468 cells. MDA-MB-231 
and MDA-MB-468 cells were treated with 500 µM AdoMet for 24 and 48 h. The relative expression of miR-34c and miR-
449a was analyzed by qRT-PCR following normalization with U6 endogenous control. The analysis was carried out by 
triplicate determination of at least 3 separate experiments. The results are expressed as fold change (Log2) ± SD, * p < 0.05. 

2.2. Overexpression of miR-34c and miR-449a Enhances the Pro-Apoptotic Effect of AdoMet in 
MDA-MB-231 and MDA-MB-468 Cells 

To explore the antitumor activity of AdoMet in TNBC cells, we first tested the ability 
of the sulfonium compound to induce apoptosis in MDA-MB-231 and MDA-MB-468 cells. 
The cells were treated with AdoMet 500 µM and the apoptotic process was evaluated after 
72 h by flow cytometry. As shown in Figure 2A,B, treatment with AdoMet resulted in 
increased accumulation of apoptotic cells in both TNBC cell lines compared to controls 
accompanied by reduced levels of pro-caspase-8 and -9 which are initiator caspases of the 
extrinsic and intrinsic apoptotic pathways, respectively, and pro-caspase 6, an executioner 
caspase (Figure 2C,D). AdoMet-induced activation of caspase cascade was further high-
lighted by the cleavage of poly (ADP-ribose) polymerase (PARP), a known marker of cells 
undergoing apoptosis. These findings indicated that AdoMet could effectively induce 
apoptosis in MDA-MB-231 and MDA-MB-468 cells via activation of caspase signaling 
pathway. To evaluate whether the AdoMet-induced upregulation of miR-34c and miR-
449a was involved in the antiproliferative effect exerted by AdoMet in MDA-MB-231 and 
MDA-MB-468 cells, we performed transfection experiments with either miR-34c or miR-
449a mimics and we evaluated the modulation of apoptotic cell death in AdoMet-treated 
and untreated cells using flow cytometry-based Annexin V/propidium iodide (PI) assay. 

Firstly, by qRT-PCR we demonstrated that, the transfection of cells with miR-34c or 
miR-449a mimics effectively up-regulates miR-34c and miR-449a transcriptional levels in 
the two TNBC cell lines reaching a value approximately double (data not shown). Next, 
to analyze the antitumor activity of miR-34c and miR-449a we assessed apoptosis induc-
tion. Our results showed that in both MDA-MB-231 (Figure 2A) and in MDA-MB-468 cells 
(Figure 2B) the ectopic expression of miR-34c and miR-449a increased the percentage of 
apoptotic cells respect to the control. Notably, the treatment with AdoMet of MDA-MB-
231 and MDA-MB-468 cells transfected with miR-34c or miR-449a mimic significantly im-
proved the pro-apoptotic effect of the sulfonium compound particularly evident in MDA-
MB-468 cells where the overexpression of miRNA-34c caused an increase of apoptotic cells 
from about 27% to 70%. Figure 2 showed that in MDA-MB-231 (Figure 2C) and MDA-MB-
468 cells (Figure 2D) the activation of caspase fragmentation and the degradation of 
PARP-1 analyzed by Western blotting resulted potentiated by the combination of AdoMet 
with miR-34c or miR-449a further confirming the data obtained by FACS analysis.  

Figure 1. Effect of AdoMet on miR-34c and miR-449a expression in MDA-MB-231 and MDA-MB-468 cells. MDA-MB-231
and MDA-MB-468 cells were treated with 500 µM AdoMet for 24 and 48 h. The relative expression of miR-34c and miR-449a
was analyzed by qRT-PCR following normalization with U6 endogenous control. The analysis was carried out by triplicate
determination of at least 3 separate experiments. The results are expressed as fold change (Log2) ± SD, * p < 0.05.

2.2. Overexpression of miR-34c and miR-449a Enhances the Pro-Apoptotic Effect of AdoMet in
MDA-MB-231 and MDA-MB-468 Cells

To explore the antitumor activity of AdoMet in TNBC cells, we first tested the ability
of the sulfonium compound to induce apoptosis in MDA-MB-231 and MDA-MB-468 cells.
The cells were treated with AdoMet 500 µM and the apoptotic process was evaluated after
72 h by flow cytometry. As shown in Figure 2A,B, treatment with AdoMet resulted in
increased accumulation of apoptotic cells in both TNBC cell lines compared to controls
accompanied by reduced levels of pro-caspase-8 and -9 which are initiator caspases of
the extrinsic and intrinsic apoptotic pathways, respectively, and pro-caspase 6, an execu-
tioner caspase (Figure 2C,D). AdoMet-induced activation of caspase cascade was further
highlighted by the cleavage of poly (ADP-ribose) polymerase (PARP), a known marker of
cells undergoing apoptosis. These findings indicated that AdoMet could effectively induce
apoptosis in MDA-MB-231 and MDA-MB-468 cells via activation of caspase signaling
pathway. To evaluate whether the AdoMet-induced upregulation of miR-34c and miR-449a
was involved in the antiproliferative effect exerted by AdoMet in MDA-MB-231 and MDA-
MB-468 cells, we performed transfection experiments with either miR-34c or miR-449a
mimics and we evaluated the modulation of apoptotic cell death in AdoMet-treated and
untreated cells using flow cytometry-based Annexin V/propidium iodide (PI) assay.

Firstly, by qRT-PCR we demonstrated that, the transfection of cells with miR-34c or
miR-449a mimics effectively up-regulates miR-34c and miR-449a transcriptional levels in
the two TNBC cell lines reaching a value approximately double (data not shown). Next, to
analyze the antitumor activity of miR-34c and miR-449a we assessed apoptosis induction.
Our results showed that in both MDA-MB-231 (Figure 2A) and in MDA-MB-468 cells
(Figure 2B) the ectopic expression of miR-34c and miR-449a increased the percentage of
apoptotic cells respect to the control. Notably, the treatment with AdoMet of MDA-MB-231
and MDA-MB-468 cells transfected with miR-34c or miR-449a mimic significantly improved
the pro-apoptotic effect of the sulfonium compound particularly evident in MDA-MB-468
cells where the overexpression of miRNA-34c caused an increase of apoptotic cells from
about 27% to 70%. Figure 2 showed that in MDA-MB-231 (Figure 2C) and MDA-MB-468
cells (Figure 2D) the activation of caspase fragmentation and the degradation of PARP-1
analyzed by Western blotting resulted potentiated by the combination of AdoMet with
miR-34c or miR-449a further confirming the data obtained by FACS analysis.
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Figure 2. Effect of AdoMet/miR-34c and AdoMet/miR-449 combination on apoptosis and levels of 
some relevant apoptosis-related proteins in MDA-MB-231 and MDA-MB 468 cells. MDA-MB 231 
and MDA-MB 468 cells were transfected with 100 nM miR-34c or miR-449a mimic supplemented 
or not (Control) with 500 µM AdoMet for 72 h. Apoptosis of MDA-MB 231 (A) and MDA-MB 468 
cells (B) was evaluated by FACS analysis. Representative dot plots of both Annexin V-FITC and 
propidium iodide (PI)-stained cells are shown. The different quadrants report the percentage of 

Figure 2. Effect of AdoMet/miR-34c and AdoMet/miR-449 combination on apoptosis and levels of some relevant apoptosis-
related proteins in MDA-MB-231 and MDA-MB 468 cells. MDA-MB 231 and MDA-MB 468 cells were transfected with
100 nM miR-34c or miR-449a mimic supplemented or not (Control) with 500 µM AdoMet for 72 h. Apoptosis of MDA-MB
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231 (A) and MDA-MB 468 cells (B) was evaluated by FACS analysis. Representative dot plots of both Annexin V-FITC and
propidium iodide (PI)-stained cells are shown. The different quadrants report the percentage of cells: Viable cells, lower left
(Q4); early apoptotic cells, bottom right (Q3); late apoptotic cells, top right (Q2); and non-viable necrotic cells, upper left
(Q1). For each sample 2 × 104 events were acquired. The analysis was carried out by triplicate determination of at least
3 separate experiments. The lower left and lower right histogram plots show the percentage of apoptotic cells, respectively,
for a single treatment. * p < 0.05 versus untreated cells (Control). The expression levels of pro-caspase 9, pro-caspase 8,
pro-caspase 6, and PARP-1 were detected by Western blot analysis using the total cell lysates of MDA-MB-231 (C) and
MDA-MB-468 (D). The densitometric analysis was reported. Data are reported as percentage of protein expression of
untreated control (100%). The house-keeping protein α-tubulin was used as loading control. The images are representative
of three immunoblotting analyses obtained from at least three independent experiments. Uncropped images of Western
blots are reported in Figure S1.

Altogether, these findings indicated that miR-34c and miR-449a played a tumor sup-
pressive role in TNBC cells and that upregulation of miR-34c and miR-449a by AdoMet
mediated AdoMet-induced apoptotic cell death.

2.3. AdoMet Inhibits TNBC Cell Migration by up Regulation of miR-34c and miR-449a

In order to evaluate the effect of AdoMet on TNBC cell migration, we performed trans-
fection experiments with miR-34c or miR-449a mimics in highly aggressive and invasive
mesenchymal-like MDA-MB-231, and in the basal-like MDA-MB-468, characterized by a
relatively low invasive phenotype and potential [52] and then we studied the modulation
of migration process in AdoMet-treated and untreated cells.

First, we have assessed that in a short time, such as 24 h, after AdoMet and/or miRNAs
treatment the apoptotic cell death evaluated by FACS analyses did not interfere with the
migration process evaluated at 24 h in both cell lines because it was not significant and
reached, as a maximum, a value 10% more than the control (data not shown).

Cell migration was detected in real-time by using video time-lapse microscopy
(TLVM), and representative images of the wound closure process are shown in Figure 3A,C
for MDA-MB-231 and MDA-MB-468 cells, respectively. We found that, in both cell lines, a
qualitatively higher closure of the wound in control respect to AdoMet-treated samples oc-
curred indicating, first of all, that the sulfonium compound inhibited the motility of TNBC
cells. When both cell lines were transfected with miR-34c or miR-449a mimics the wounds
closed more slowly in AdoMet-treated than in AdoMet-untreated cells demonstrating that
the sulfonium compound exerted a synergistic effect with both miRNAs in reducing cell
motility over the entire time interval.

In Figures 3B and 4D on the top the wound closure dynamics for MDA-MB-231
and MDA-MB-468 cells, respectively, treated with AdoMet and miRNAs, alone and in
combination, were analyzed respect to control cells and quantified by plotting A/A0 values
as a function of time. The results showed that in both cell lines the control cells closed the
wound region faster than the treated cells and that combined AdoMet/miRNAs treatments
resulted in more potent inhibition of the wound closure than the single treatment. A
further and simpler quantitative measure of the differences among treated and untreated
samples was obtained by calculating the wound closure rates in a time interval of 0–8 h.
We found that in both cell lines the wound healing rate decreased in treated cells compared
to control and more significantly after combined treatments (Figure 3B bottom left and
Figure 3D bottom left). In fact, the percentages of wound healing rate respect to the control,
measured respectively in MDA-MB-231 and MDA-MB-468 cells, were 14% and 17% in cells
treated with AdoMet/miR-34c and 17% and 28% in cells treated with AdoMet/miR-449a
(Figure 3B bottom right and Figure 3D bottom right). Altogether, these results confirmed
the ability of AdoMet to slow the wound closure and provided further evidence of the
synergy between AdoMet and miRNA, demonstrating that the inhibition of MDA-MB-231
and MDA-MB-468 cell migration by AdoMet was mediated by upregulation of miR-34c
and miR-449a.
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Figure 3. Effect of AdoMet/miR-34c and AdoMet/miR-449a combination on cell migration in MDA-MB-231 and MDA-MB
468 cells. Representative phase-contrast microscopy images showing the wound closure process at five different time points
in MDA-MB-231 (A) and MDA-MB-468 cells (C) transfected with miR-34c or miR-449a and incubated or not (Control) with
AdoMet. Images in the panels are relative to a single field of view, taken as qualitatively representative of a given experimental
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condition. Scale bar, 100 µm. Evolution in time of the wound area A, normalized to the value A0 at time 0 (T0), for MDA-MB-
231 ((B) upper) and MDA-MB 468 cells ((D) upper) transfected with miR-34c or miR-449a and incubated or not (Control) with
AdoMet. Bar diagrams show the values of the healing rate in the time range 0–8 h for control and treated MDA-MB-231 ((B)
bottom left) and MDA-MB 468 cells ((D) bottom left) and the effect of AdoMet and miRNAs on healing rate of MDA-MB-231
((B), bottom right) and MDA-MB-468 ((D), bottom right) cells, calculated as percentage of the control in the range time 0–8 h.
The data represent an average of three independent experiments; data shown are means ± SD; The statistical significance
was analyzed through one-way ANOVA and Tukey post hoc test for comparing a family of 6 estimates: # p < 0.05 or less
vs. untreated-cells (Control); * p < 0.05 or less vs. miR-34c, + p < 0.05 or less vs. miR-34c + AdoMet; - p < 0.05 or less vs.
AdoMet, § p < 0.05 or less vs. miR-449a, ◦ p < 0.05 or less vs. miR-449a + AdoMet.

2.4. AdoMet Decreased the Levels of the Main Migration- and EMT-Related Markers by
Upregulating miR-34c and miR-449a

Cancer metastasis begins with detachment of metastatic cells from the primary tumor,
followed by an increase in cellular motility and invasion, proteolysis, and resistance to
apoptosis. These four essential steps are correlated and influenced by multi-biochemical
events and parameters.

To confirm the results of wound healing experiments and to further investigate the
mechanism underlying the AdoMet inhibitory effect on the migration of MDA-MB-231
and MDA-MB-468 cells, we performed transfection experiments with miR-34c or miR-449a
mimic, and treated the cells with 500 µM AdoMet for 48 h. By Western blot assay we then
analyzed the effect of AdoMet and miRNAs, alone and in combination, on the levels of
the main markers and signaling pathways related to cell migration and EMT. First, we
assessed the expression of MMPs, proteolytic enzymes that play crucial roles in malignant
cell migration [53]. As expected, on the basis of the results of time-lapse experiments, the
combination of AdoMet/miR-34c or AdoMet/miR-449a improved the decrease in MMP2
and MMP9 levels induced by single treatments (Figure 4). Migrating tumor cells lose the
expression of the epithelial marker E-cadherin, a protein involved in the extensive cell
adhesions to neighboring cells and the basement membrane and acquire mesenchymal
markers, such as N-cadherin and vimentin, a protein overexpressed in most epithelial
cancers, whose levels are correlated with tumor migration, invasion, and poor progno-
sis [9,10]. By Western blot analysis we highlighted a remarkable decrease in N-cadherin
and vimentin and a concomitant increase in E-cadherin, compared to control, both in
MDA-MB-231 (Figure 4A,B) and MDA-MB-468 (Figure 4C,D) cells treated with AdoMet
and miR-34c or miR-449a mimic alone, indicating that the reduced cell mobility induced
by AdoMet or miRNA mimics depended on the inhibition of EMT process. Notably, we
found that the combined treatment strongly potentiated the effect obtained with AdoMet.
TGF-β/SMAD and β-catenin, signaling pathways have established roles in the migration
and EMT progression of TNBC cells [54,55]. So, we examined the status of SMAD proteins,
known to modulate the activity of TGF-β ligands and critically important for the regulation
of cell development, growth, and EMT [55]. The results reported in Figure 4, indicated
that AdoMet inhibited SMAD2 and SMAD3 phosphorylation and induced a decrease of
p-SMAD2/SMAD2 and p-SMAD3/SMAD3 protein ratio. Notably, we found that these
effects were much more pronounced after combined treatment with AdoMet and miR-34c
or miR-449a mimic. Finally, we evaluated the levels of β-catenin, a multifunctional protein
that is involved in cell-to-cell adhesions and represents the most important mediator of the
canonical Wnt pathway. In TNBC cells inhibition or silencing of β-catenin markedly down-
regulates EMT-related transcriptional factors resulting in reversal of EMT, cell migration,
and metastasis [54]. Interestingly, our data exhibited a strong down-regulation of β-catenin
in MDA-MB-231 (Figure 4A,B) and MDA-MB-468 (Figure 4C,D) cells treated with AdoMet
compared to untreated cells that increased in combination with miR-34c or miR-449a.

Overall, these findings indicated that the combination of AdoMet and miR-34c or miR-
449a was more effective than the single agents in inhibiting cell migration and EMT sug-
gesting that the antimigration and antimetastatic properties of AdoMet in TNBC cells could
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be explained, at least in part, by the AdoMet-induced upregulation of EMT-suppressive
miRNA-34c and miRNA-449a and involved modulation of TGF-β and β-catenin signaling
pathways.
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miR-449a supplemented or not (Control) with 500 µM AdoMet for 48 h. The levels of MMP2, MMP9, Vimentin, N-cadherin,
E-cadherin, p-SMAD2, SMAD2, p-SMAD3, SMAD3, and β-catenin were detected by Western blot analysis using the total
cell lysates of MDA-MB-231 (A,B) and MDA-MB 468 (C,D). The densitometric analysis was reported. Data are reported
as percentage of protein expression of untreated control (100%). For the equal loading of protein in the lanes, β-actin
was used as a standard. The images are representative of three immunoblotting analyses obtained from at least three
independent experiments. The intensities of signals were expressed as arbitrary units. * p < 0.05 versus untreated cells
(Control). Uncropped images of Western blots are reported in Figures S2 and S3.

3. Discussion

MiRNAs represent a class of small, endogenous non-coding transcripts from 16 to
29 nucleotides that develop post-transcriptional regulation by mRNA cleavage or transla-
tion repression, which depend on the degree of complementarity of miRNA-mRNA [32–34].

Several studies have demonstrated the important role of miRNAs in the regulation of
all essential cellular bioprocesses, including proliferation, differentiation, apoptosis, stress
response, and migration [32–40]. MiRNA research has become increasingly attractive as
evidence is emerging that miRNAs act as key regulators in the pathogenesis of diseases,
including cancer. Since aberrant expression of miRNAs is often involved in neoplastic
processes, manipulation of miRNAs expression appears to be an attractive and innovative
therapeutic approach. There are two important reasons that make miRNA appropriate for
this goal. First, miRNAs, as natural antisense nucleotides, have shown reduced immune
response and low toxicity compared to drug molecule-based therapy. Second, considering
that each miRNA can regulate even a hundred target genes, pleiotropic effects can be
obtained by modulating the aberrant expression of a single miRNA.

The high incidence of TNBC and its poor prognosis have led science to find new, more
effective and less toxic therapeutic strategies to reduce the chemoresistance of these tumors.
Moreover, several scientific evidences indicated that abnormal expression of miRNAs in
TNBCs might affect the outcome of chemotherapy [56,57].

In recent years, an increasing number of studies focused on natural anti-cancer com-
pounds as a valuable source of new and less toxic drugs that may be useful in blocking
both tumor growth and metastasis. Among the natural compounds, AdoMet, due to its
epigenetic modulating properties has been shown to inhibit the progression and the onset
of metastases of several tumors by acting on different signal transduction pathways.

Recent studies reported that in human hepatocellular carcinoma (HCC) aberrant
expression of miRNA induces dysregulation of methionine adenosyltransferase (MAT)
isoforms responsible for maintaining adequate AdoMet cellular levels and that depletion
of AdoMet results in increased HCC cell proliferation, a decrease in AdoMet is due to
mutations in MAT1A gene. Yang et al. found that in HCC the up-regulation of miR-
664, miR-485-3p, and miR-495 induced a lower MAT1A expression, that correlates with
a worse prognosis [58]. Inhibition of the expression of these miRNAs raised the level of
MAT1A, proving a potential innovative strategy for the treatment of HCC [58]. Koturbash
et al. demonstrated the contribution of miR-22 and miR-29b in the inhibition of MAT1A
and MTHFR expression during 2-acetylaminofluorene-induced rat HCC, suggesting that
downregulation of these genes may be one of the main driver events that promote liver
carcinogenesis [59]. Finally, in HepG2 human hepatoma cell line, up-regulation of miR-21-
3b by berberine an isoquinoline alkaloid extracted from many medicinal herbs, reduced
the expression of MAT2A and MAT2B resulting in increased intracellular AdoMet levels
which acted as a key regulator for hepatoma cell proliferation [60].

A direct correlation between the antiproliferative effect of AdoMet and the regulation
of miRNAs expression has been reported in breast cancer where AdoMet was able to
modulate miR-34a, miR-34c, and miR-486-5p. Ilisso et al. demonstrated that in MCF-7
cells the combined treatment with AdoMet and miR-34a and/or miR-34c greatly enhanced
the pro-apoptotic effect of the sulfonium compound by a caspase-dependent mechanism
and that the downregulation of miR-486-5p potentiated the autophagic effect of AdoMet
by increasing PTEN expression and by inhibiting AKT signaling [43]. To date, this is the
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only report highlighting the potential of AdoMet to modulate miRNA-mediated epigenetic
events associated with breast cancer.

In the present study, we demonstrate for the first time that AdoMet induced apoptosis
and inhibited EMT process and migration of MDA-MB-231 and MDA-MB-468 TNBC cells
up-regulating miR-34c and miR-449.

In order to highlight a direct correlation between the anti-cancer properties of AdoMet
and the variation of miRNA expression in TNBC the first focus of this study was to examine
the ability of AdoMet to modulate miR-34c and miR-449a expression. Results reported
showed that AdoMet was able to up-regulate miR-34c and miR-449a in MDA-MB-231
and MDA-MB-468 cells. These data, in agreement with findings previously obtained by
our research group [43], suggest that AdoMet is an attractive therapeutic agent able to
modulate miRNA expression profile in tumoral context.

It is relevant to mention that the miR-34c and miR-449a families were classified as
one miRNA superfamily (miRNA-34/449 superfamily) since they share the same seed
sequence and targets [45–47].

Recent studies have reported that miRNA-34/449 superfamily is downregulated in a
wide range of cancers, including human breast cancer and plays a pivotal role in TNBC
initiation, progression and metastasis [45–49,61].

MiR-34 family consists of three members (miR-34a, miR-34b, and miR-34c) transcribed
from two different sets of genes located on chromosomes 1 and 11. It has been extensively
studied that miR-34 family is involved in the control of cancer growth by targeting dif-
ferent tumor-related genes and signaling pathways [43,45–49,61]. Recently, it was also
reported the involvement of miR-34 family in the suppression of breast cancer invasion
and metastasis [48,62]. Achari and colleagues established that miR-34c exerts the antitumor
activity in breast cancer by several mechanisms including the G2/M cell cycle arrest and
the suppression of BCL2 and SIRT1 [48].

MiR-449 family consists of three members (miR-449a, miR-449b, and miR-449c) en-
coded by a cluster located on chromosome 5q11.2 in the second intron of CDC20B, identified
as a susceptibility region in cancer [49]. As for miR-34 family, the miR-449 family exhibits
low expression in cancers and acts as a tumor suppressor by inhibiting a wide variety
of oncogenes. Several studies have shown the beneficial effects of the upregulation of
miR-449a in cancer [49,50,63–67]. Very recently it has been demonstrated that up-regulation
of miR-449a suppresses the proliferation as well as the migration and invasion of laryngeal
carcinoma cells targeting Notch1 and Notch2 down-regulation and it has been suggested
that miR-449a, alone or in combination therapy with Notch inhibitors, could be used as a
potential tool to treat metastatic laryngeal carcinoma [51].

Despite numerous data reported in the literature, the function and clinical significance
of miR-449a in breast cancer remain not fully understood. It has been reported that miR-499
family plays both oncogenic and tumor suppressive roles in different breast cancer cell
lines. It has been shown, indeed, that in MCF-10, MDA-MB-231, T47D, and MDA-MB-453
breast cancer cells a down-regulation of miR-449 family inhibits tumor growth, invasion,
and metastasis formation, and promotes apoptosis and differentiation [68,69]. On the
contrary, in MDA-MB-231 and MCF-7 cells, the over-expression of miR-449a suppresses
cell proliferation, clone formation, migration, invasion, and then metastasis formation both
in vitro and in vivo by downregulating the zinc finger protein PLAGL2 [49].

The present study showed that AdoMet exhibited antiproliferative activity in TNBC
cells and provided evidence on the underlying mechanism. We demonstrated that in MDA-
MB-231 and MDA-MB-468 cells AdoMet triggered apoptosis by activating caspase cascade
and PARP cleavage and that these effects were more pronounced in cells transfected with
miR-34c or miR-449a. These results confirmed the well-documented proapoptotic effect of
AdoMet and are in good agreement with the extensive literature reporting miRNA-34/449
as critical regulators of apoptosis (ApoptomiR), [43,47]. Notably, the data also evidenced the
role played by miR-34c and miR-449a as important mediators of the antiproliferative effects
exerted by AdoMet in MDA-MB-231 and MDA-MB-468 cells suggesting that AdoMet-
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induced up-regulation of miRNA-34/449 could offer promising opportunities for the
treatment of TNBC.

TNBC is a highly aggressive subtype with a strong proliferative capacity and a high
risk of distant and/or nearby metastasis. Acquisition of TNBC invasive properties is driven
by the aberrant activation of EMT, a highly regulated, multi-step trans-differentiation
process considered responsible for TNBC invasion, metastasis, and resistance to treat-
ment [7–10].

Many literature reports have highlighted the ability of AdoMet to epigenetically inhibit
migration and invasiveness of various tumor cells at in vivo and in vitro levels [24–31].

The novel finding of this study, obtained by qualitatively and quantitatively monitor-
ing the real-time migration of TNBC cells in wound-healing assay by time-lapse microscopy
and analyzing the main migration- and EMT-related molecular markers, indicated that
AdoMet inhibited cell migration and reversed EMT in MDA-MB-231 and MDA-MB-468
cells and that these effects are mediated by miR-34c and miR-449a.

We found that AdoMet caused a decrease in the migration rate of MDA-MB-231 and
MDA-MB-468 cells suggesting the ability of the sulfonium compound to lower the aggres-
siveness of TNBC cells and to potentially reduce their metastatic power. The observation
that AdoMet treatment of cells transfected with miR-34c or miR-449a significantly enhanced
the inhibitory effects of the sulfonium compound further confirmed the involvement of
both miRNAs in this process.

Overexpression of MMPs has been associated with metastasis formation ad unfa-
vorable outcomes in several malignant tumors [53,70,71]. Interestingly, we showed that
AdoMet induced a decrease of MMP-2 and MMP-9 levels confirming the antimigratory
potential of the sulfonium compound in TNBC cells.

N-cadherin is highly expressed in mesenchymal cells. Its upregulation is considered
an important marker of EMT and has been shown to promote tumor cell motility and
invasion [9,10,72,73]. On the other hand, in epithelial tumor cells, E-cadherin acts as a
tumor suppressor, playing an important role in maintaining the phenotype and polarization
of the epithelial cell layers. Loss of E-cadherin is associated with carcinogenesis and
invasion [9,10,74,75]. In tumor cells, the reduction of E-cadherin expression and the
concomitant increase of N-cadherin is associated with an increase in migratory and invasive
behavior with high prognostic significance [75,76]. It should also be emphasized that during
EMT tumor cells significantly modify the cytoskeletal structure with an increase in the
expression of vimentin, critically involved in the adoption of a mesenchymal form and in
increased motility, for this reason it is considered the main marker of EMT [77].

Our findings showed that AdoMet induced inhibition of MDA-MB-231 and MDA-MB-
468 cell migration paralleled by decreased levels of N-cadherin and vimentin and increased
levels of E-cadherin indicative of the ability of AdoMet to reverse EMT process in these
TNBC cells.

TGF-β/SMAD and β-catenin signaling play well-established roles in migration and
EMT progression of TNBC cells. TGF-β is constitutively expressed in metastasizing breast
cancer and SMAD-mediated TGF-β signaling represents the most potent inducer of EMT
process and metastasis to other tissues during breast cancer progression [54,78]. Recent
studies show that in TNBC cells the Wnt/β-catenin axis is particularly overactivated and
regulates various properties associated with the tumor, such as migration, stem, anchorage-
independent growth, and chemosensitivity [54,78].

In line with these reports, we demonstrated that AdoMet caused a decrease of the
levels of β-catenin and SMAD-2/3 and their phosphorylated forms, providing evidence that
AdoMet inhibited EMT process in TNBC cells through down-modulating TGF-β/SMAD
and β-catenin signaling pathways. Notably, the down-regulation of MMPs observed after
AdoMet treatment as well as the AdoMet-induced increased levels of E-cadherin, and
decreased levels of N-cadherin, vimentin, β-catenin, SMAD-2,3 and their phosphorylated
forms were all enhanced by the combined treatment of AdoMet with miR-34c or miR-449a
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providing convincing evidence that AdoMet exhibited its antitumor activity in MDA-MB-
231 and MDA-MB-468 cells through up-regulation of these tumor suppressive miRNAs.

Taken together, our data allowed us to propose the possible mechanism underlying
the anticancer effects of AdoMet in TNBC cells in which AdoMet-induced upregulation of
miRNA 34c/449a represents an early and crucial event. Subsequently, the downregulation
of TGF-β/SMAD and β-catenin signaling by direct or indirect targeting plays a role
downstream of miRNAs in regulating apoptosis, EMT, and cell migration as shown by
the activation of the miRNA 34c/449a-induced caspase cascade, PARP cleavage, increased
expression of the epithelial marker E-cadherin, decreased expression of the mesenchymal
markers N-cadherin and vimentin, reduced levels of metalloproteinase 2/3 and inhibition
of cell migration.

Our results helped to increase knowledge on the anticancer mechanisms exerted by
AdoMet and suggested that the sulfonium compound, being able to regulate miR-34c and
miR-449a, could represent a suitable pharmacological approach for TNBC treatment.

4. Materials and Methods
4.1. Reagents

AdoMet (New England Biolabs), dissolved in a 5 mM H2SO4 and 10% ethanol solution,
filtered and stored at 4 ◦C until use. Annexin V-fluorescein isothiocyanate (Annexin V-FITC)
Apoptosis Detection kit (eBioscience, San Diego, CA, USA) was used for apoptosis detection.
Monoclonal antibodies (mAbs) to caspase 9 (#9508, dilution: 1:1000), caspase 8 (#9746,
dilution: 1:1000), PARP (#9532, dilution: 1:1000), β-actin (#3700, dilution: 1:5000 and 1:2000),
α-tubulin (#2125, dilution: 1:1000), SMAD2 (#5339, dilution: 1:1000), phospho-SMAD3
(#9520, dilution: 1:1000), SMAD3 (#9523, dilution: 1:1000), MMP9 (#13667, dilution: 1:1000),
vimentin (#5741, dilution: 1:1000), β-catenin (#8480, dilution: 1:1000), N-cadherin (#13116,
dilution: 1:1000), E-cadherin (#14472, dilution: 1:500 and 1:1000) and polyclonal antibodies
(polyAbs) to caspase 6 (#9762, dilution: 1:1000) phospho-SMAD2 (#3104, dilution: 1:1000),
MMP2 (#4022, dilution: 1:1000) were purchased from Cell Signaling Technology (Danvers,
MA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-mouse and goat anti-rabbit
secondary antibodies (ImmunoReagents Inc.; Raleigh, NC, USA), RIPA Buffer (Sigma-
Aldrich; St. Louis, MO, USA). MiRNA-34c and miRNA-449a mimics, Lipofectamine 2000,
mirVANA PARIS Kit, TaqManMiRNA Reverse Transcription Kit, Megaplex RT Primers,
TaqMan Universal PCR Master Mix, Opti-minimal essential medium (Opti-MEM) were
obtained from Life Technologies (Carlsbad, CA, USA).

4.2. Cell Cultures and Treatments

Triple negative human breast cancer cell lines MDA-MB-468 and MDA-MB-231 (Amer-
ican Type Culture Collection; ATCC, Manassas, VA, USA), were cultured at 37 ◦C in
a 5% CO2 humidified atmosphere and grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS), 2 mM L-glutamine and penicillin-streptomycin
50 U/mL. Cells were seeded in 6-well plates at the density of 1.5× 105 cells/well to achieve
80% of confluence. After 24 h, the cells were treated with 10% FBS fresh medium containing
500 µM AdoMet for 24, 48, and 72 h. Subsequently, fluctuating cells were recovered from
culture medium by centrifugation, whereas adherent cells were collected by trypsinization.

4.3. Cell Transfections

MDA-MB-468 and MDA-MB-231 cells, at 80% confluence, were transfected with
100 nM miR-34c or miR-449a mimic, diluted in Opti-MEM medium integrated or not
(Control) with 500 µM AdoMet, using Lipofectamine 2000 according to the manufacturer’s
protocol. Lipofectamine was also used alone as a negative control. On the basis of the
various experimental conditions, the cells were collected and then processed to carry out
the appropriate analyzes.
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4.4. MiRNA Detection by qRT PCR

Total RNA was purified using the PARIS mirVANA kit (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s protocol. The RNA concentration was determined
using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Subsequently, using the TaqMan MiRNA Reverse Transcription Kit, single-stranded cDNA
was synthesized from total RNA samples.

The expression of individual miRNAs was determined using pre-designed probe-
primer sets from Life Technologies (Thermo Fisher Scientific, USA) by quantitative real-
time PCR (qRT-PCR) performed on a ViiA7™ Real-time PCR system (Applied Biosystems,
Darmstadt, Germany), according to the manufactures.

To normalize total RNA samples, the small-nuclear-U6 was selected as endogenous
control. Relative expression of the transcripts was measured by using ViiA7™Real-Time
PCR software (Applied Biosystems, Darmstadt, Germany).

4.5. Flow Cytometry Analysis of Apoptosis

Annexin V-FITC was used in conjunction with the vital dye propidium iodide (PI) to
analyzed the apoptotic occurrence by distinguishing apoptotic (Annexin V-FITC-positive,
PI positive) from necrotic (Annexin V-FITC-negative, PI-positive) cells [79]. MDA-MB 468
and MDA-MB 231 were plated in serum-containing media in 6-well plates at the proper
density and the day after, cells were transfected with 100 nM miR-34c or miR-449a mimic,
with or without 500 µM AdoMet. After 72 h, cells were detached by incubation with
EDTA-trypsin, washed twice with phosphate-buffered saline (PBS), and collected by cen-
trifugation. Then, the cells were resuspended in 200 µL of Binding Buffer 1X and incubated
with 5 µL Annexin V-FITC and 10 µL PI (20 µg/mL) for 30 min at room temperature, as
recommended by the manufacturers. The detection of viable cells, early apoptotic, late
apoptotic, and necrotic cells was performed by BD Accuri™ C6 flow cytometer (Becton
Dickinson, San Jose, CA, USA). For each sample, 20,000 events were recorded. Analysis
was carried out by triplicate determination on at least three separate experiments.

4.6. Time-Lapse Video Microscopy

In order to perform in vitro scratch-wound healing assay to evaluate cell migration,
MDA-MB-231 and MDA-MB-468 cells incubated or not (Control) with AdoMet and tras-
fected with miR-34c or miR-499a were seeded on collagen pre-coated 12-well tissue culture
plate. Scratch wounds were obtained mechanically with a sterile pipette tip (Ø = 0.1 mm).
Detached cells and debris were washed away with PBS. The multiwell was placed on a cage
incubator (Okolab S.r.l. Pozzuoli, Italy). Wound closure was monitored for 48 h by TLVM,
based on an inverted optical microscope (Zeiss Axiovert 200, Germany) equipped with a
CCD-gray-scale camera (ORCA ER, Hamamatsu Photonics, Hamamatsu City, Japan), a
microscope stage incubator (CO2, T, and air control) that accommodates different wells, a
thermostatic bath (LAUDA, Eco Line RE 204, Okolab S.r.l. Pozzuoli, Italy), and a remotely
controlled motor that allows micrometric movements and the repositioning of the stage
incubator along x, y and z cyclically in time. All environmental conditions required for
cell cultures (37 ◦C and 5% CO2 in air, respectively) are maintained by microscope stage
incubator. The instrument was controlled by the custom-tailored software OKO-Vision
4.3, (Okolab S.r.l. Pozzuoli, Italy) consisting of OKO-Vision Time Lapse and OKO-Vision
Imaging [80]. At regular intervals, several independent fields in the plates were captured
using by a high-resolution (1 h).

The wound closure measurements were calculated by the software as Area t (time t
of healing)/Area t0 (wound areas just after scratching). Each treatment was performed in
duplicate (2 wells), each well was observed with at least five fields of view, which were
quantified for the respective scratched area over time (healing). The data generated by the
software were analyzed to obtain the reduction of the wound area (in squares micrometers)
at each time point. Finally, a wound closure rate (cell migration rate) was calculated
by dividing the repaired area (expressed after conversion pixel/squared micrometers as
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mm/h) by the height of the view field (scratch height, h) and then dividing it by the
time of observation, the equation used is the following: [(Area t1 − Area t2)/h/(t2 − t1)]
expressed as mm/hour. Moreover, the fields of view selected and used to build up the
overall averaged curves all had a similar scratch width, ranging from 0.7 to 0.9 mm,
corresponding to a wound area of 16–20 mm2. The statistical significance of the experiment
was ensured by the possibility to visualize contemporarily several fields of view (up to
30–36 h) of the same sample (depending on the delay time chosen by the operator) in the
staged incubator. Furthermore, a single field of view (~10 × 105 µm2) represented 5%
of the total scratch area (~20 × 106 µm2) of each well. Because we captured at least five
field-views in three repetitions per well, this ensured us that we analyzed 25–30% of the
scratch in each specific well. Triplicates were performed for each scratch assay.

4.7. Preparation of Cell Lysates

MDA-MB 468 and MDA-MB-231 cells were transfected with 100 nM miR-34c or
miR-449a mimic, treated or not with AdoMet 500 µM and after 48 and 72 h, collected by
centrifugation, washed twice with ice-cold PBS, and the pellet was lysed using 100 µL of
RIPA buffer. After incubation on ice for 30 min, the samples were centrifuged at 18,000× g
for 30 min a 4 ◦C and the supernatant was recovered. Protein concentration was performed
by Bradford method as previously reported [81].

4.8. Western Blotting Analysis

Western blotting analysis was performed as previously reported [82]. All primary
antibodies were used at a dilution of 1:1000, except E-cadherin prepared at a dilution of
1:500, while all secondary antibodies were used at a dilution of 1:5000, except E-cadherin
prepared at a dilution of 1:2000. Blots were developed using enhanced chemioluminescence
detection reagents ECL (Cyanagen, Bologna, Italic) and exposed to X-ray film. All films
were scanned by using Image J software 1.48v (U.S. National Institutes of Health, Bethesda,
MD, USA).

4.9. Statistical Analysis

Statistical analysis was performed as previously reported [82].

5. Conclusions

Overall, our results provided the first evidence that AdoMet exerts its antitumor effects
in TNBC cells by regulating miRNA expression and gave new information for a better and
deeper understanding of the molecular mechanisms underlying the anticancer properties
of this naturally-occurring multifunctional sulfonium compound suggesting the use of
AdoMet as an attractive chemopreventive and therapeutic strategy miRNA-mediated in
TNBC.

Our study also provided significant contribution to the knowledge of miR-34/449
biological functions furnishing the first evidence that in MDA-MB-231 and DA-MB-468
cells miR-34c and miR-449a act as tumor suppressors and inhibitors of the metastatic
potential of cancer cells by targeting TGF-β/SMAD and β-catenin signaling pathways.

Taken together, these data suggested the advantage of using natural compounds
with pleiotropic effects, such as AdoMet and miRNAs, which can regulate many target
genes achieving more efficient modulation than single-target drugs. These discoveries
offer another approach for the scientific community in cancer therapy using only natural
compounds, and highlight a new tool to fight cancer giving the possibility to recover
health by avoiding typical side-effects, improving prognosis, and increasing the percentage
of remission. However, it appears that miRNAs are very suitable in combination with
AdoMet in cancer therapy and more data are expected in the coming years to deepen the
knowledge of the regulation of non-coding RNAs by AdoMet in order to improve currently
applied anticancer therapies.
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miRNA or miR microRNA
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MMPs matrix metalloproteinases
PARP poly (ADP-ribose) polymerase
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Annexin V-FITC Annexin V-fluorescein isothiocyanate

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. O’Sullivan, C.C.; Loprinzi, C.L.; Haddad, T.C. Updates in the evaluation and management of breast cancer. Mayo Clin. Proc. 2018,

93, 794–807. [CrossRef] [PubMed]
3. Valastyan, S.; Weinberg, R.A. Tumor metastasis: Molecular insights and evolving paradigms. Cell 2011, 147, 275–292. [CrossRef]

[PubMed]
4. Ponde, N.F.; Zardavas, D.; Piccart, M. Progress in adjuvant systemic therapy for breast cancer. Nat. Rev. Clin. Oncol. 2019, 16,

27–44. [CrossRef] [PubMed]
5. Reis-Filho, J.S.; Tutt, A.N. Triple negative tumours: A critical review. Histopathology 2008, 52, 108–118. [CrossRef]
6. Marra, A.; Viale, G.; Curigliano, G. Recent advances in triple negative breast cancer: The immunotherapy era. BMC Med. 2019, 17,

90. [CrossRef]
7. Jin, X.; Mu, P. Targeting Breast Cancer Metastasis. Breast Cancer 2015, 9, 23–34. [CrossRef]
8. Du, B.; Shim, J.S. Targeting Epithelial-Mesenchymal Transition (EMT) to Overcome Drug Resistance in Cancer. Molecules 2016, 21,

965. [CrossRef]
9. Yeung, K.T.; Yang, J. Epithelial-mesenchymal transition in tumor metastasis. Mol. Oncol. 2017, 11, 28–39. [CrossRef]
10. Roche, J. The Epithelial-to-Mesenchymal Transition in Cancer. Cancers 2018, 10, 52. [CrossRef]
11. Lu, S.C. S-Adenosylmethionine. Int. J. Biochem. Cell Biol. 2000, 32, 391–395. [CrossRef]
12. Minici, C.; Mosca, L.; Ilisso, C.P.; Cacciapuoti, G.; Porcelli, M.; Degano, M. Structures of catalytic cycle intermediates of the

Pyrococcus furiosus methionine adenosyltransferase demonstrate negative cooperativity in the archaeal orthologues. J. Struct.
Biol. 2020, 210, 107462. [CrossRef] [PubMed]

13. Papakostas, G.I.; Cassiello, C.F.; Iovieno, N. Folates and S-adenosylmethionine for major depressive disorder. Can. J. Psychiatry
2012, 57, 406–413. [CrossRef] [PubMed]

https://www.mdpi.com/1422-0067/22/1/286/s1
https://www.mdpi.com/1422-0067/22/1/286/s1
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.1016/j.mayocp.2018.03.025
http://www.ncbi.nlm.nih.gov/pubmed/29866283
http://dx.doi.org/10.1016/j.cell.2011.09.024
http://www.ncbi.nlm.nih.gov/pubmed/22000009
http://dx.doi.org/10.1038/s41571-018-0089-9
http://www.ncbi.nlm.nih.gov/pubmed/30206303
http://dx.doi.org/10.1111/j.1365-2559.2007.02889.x
http://dx.doi.org/10.1186/s12916-019-1326-5
http://dx.doi.org/10.4137/BCBCR.S25460
http://dx.doi.org/10.3390/molecules21070965
http://dx.doi.org/10.1002/1878-0261.12017
http://dx.doi.org/10.3390/cancers10020052
http://dx.doi.org/10.1016/S1357-2725(99)00139-9
http://dx.doi.org/10.1016/j.jsb.2020.107462
http://www.ncbi.nlm.nih.gov/pubmed/31962159
http://dx.doi.org/10.1177/070674371205700703
http://www.ncbi.nlm.nih.gov/pubmed/22762295


Int. J. Mol. Sci. 2021, 22, 286 17 of 19

14. Soeken, K.L.; Lee, W.L.; Bausell, R.B.; Agelli, M.; Berman, B.M. Safety and efficacy of S-adenosylmethionine (SAMe) for
osteoarthritis. J. Fam. Pract. 2002, 51, 425–430.

15. Anstee, Q.M.; Day, C.P. S-Adenosylmethionine (SAMe) therapy in liver disease: A review of current evidence and clinical utility.
J. Hepatol. 2012, 57, 1097–1109. [CrossRef]

16. Lu, S.C.; Mato, J.M. S-Adenosylmethionine in liver health, injury, and cancer. Physiol. Rev. 2012, 92, 1515–1542. [CrossRef]
17. Mahmood, N.; Cheishvili, D.; Arakelian, A.; Tanvir, I.; Khan, H.A.; Pépin, A.S.; Szyf, M.; Rabbani, S.A. Methyl donor S-

adenosylmethionine (SAM) supplementation attenuates breast cancer growth, invasion, and metastasis in vivo; therapeutic and
chemopreventive applications. Oncotarget 2018, 9, 5169–5183. [CrossRef]

18. Ilisso, C.P.; Sapio, L.; Cave, D.D.; Illiano, M.; Spina, A.; Cacciapuoti, G.; Naviglio, S.; Porcelli, M. S-Adenosylmethionine affects
ERK1/2 and Stat3 pathways and induces apoptosis in osteosarcoma cells. J. Cell. Physiol. 2016, 231, 428–435. [CrossRef]

19. Cave, D.D.; Desiderio, V.; Mosca, L.; Ilisso, C.P.; Mele, L.; Caraglia, M.; Cacciapuoti, G.; Porcelli, M. S-Adenosylmethionine-
mediated apoptosis is potentiated by autophagy inhibition induced by chloroquine in human breast cancer cells. J. Cell. Physiol.
2018, 233, 1370–1383. [CrossRef]

20. Yan, L.; Liang, X.; Huang, H.; Zhang, G.; Liu, T.; Zhang, J.; Chen, Z.; Zhang, Z.; Chen, Y. S-Adenosylmethionine Affects Cell Cycle
Pathways and Suppresses Proliferation in Liver Cells. J. Cancer 2019, 10, 4368–4379. [CrossRef]

21. Mosca, L.; Pagano, M.; Ilisso, C.P.; Cave, D.D.; Desiderio, V.; Mele, L.; Caraglia, M.; Cacciapuoti, G.; Porcelli, M. AdoMet triggers
apoptosis in head and neck squamous cancer by inducing ER stress and potentiates cell sensitivity to cisplatin. J. Cell. Physiol.
2019, 234, 13277–13291. [CrossRef] [PubMed]

22. Yan, L.; Tingting, B.; Linxun, L.; Quangen, G.; Genhai, S.; Lei, Q. S-Adenosylmethionine synergistically enhances the antitumor
effect of gemcitabine against pancreatic cancer through JAK2/STAT3 pathway. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2019, 392,
615–622. [CrossRef]

23. Zsigrai, S.; Kalmár, A.; Nagy, Z.B.; Barták, B.Z.; Valcz, G.; Szigeti, Z.A.; Galamb, O.; Dankó, T.; Sebestyén, A.; Barna, G.;
et al. S-Adenosylmethionine Treatment of Colorectal Cancer Cell Lines Alters DNA Methylation, DNA Repair and Tumor
Progression-Related Gene Expression. Cells 2020, 9, 1864. [CrossRef] [PubMed]

24. Mosca, L.; Vitiello, F.; Coppola, A.; Borzacchiello, L.; Ilisso, C.P.; Pagano, M.; Caraglia, M.; Cacciapuoti, G.; Porcelli, M. Therapeutic
Potential of the Natural Compound S-Adenosylmethionine as a Chemoprotective Synergistic Agent in Breast, and Head and
Neck Cancer Treatment: Current Status of Research. Int. J. Mol. Sci. 2020, 21, 8547. [CrossRef] [PubMed]

25. Pakneshan, P.; Szyf, M.; Farias-Eisner, R.; Rabbani, S.A. Reversal of the hypomethylation status of urokinase (uPA) promoter
blocks breast cancer growth and metastasis. J. Biol. Chem. 2004, 279, 31735–31744. [CrossRef] [PubMed]

26. Shukeir, N.; Pakneshan, P.; Chen, G.; Szyf, M.; Rabbani, S.A. Alteration of the methylation status of tumor-promoting genes
decreases prostate cancer cell invasiveness and tumorigenesis in vitro and in vivo. Cancer Res. 2006, 66, 9202–9210. [CrossRef]

27. Hussain, Z.; Khan, M.I.; Shahid, M.; Almajhdi, F.N. S-adenosylmethionine, a methyl donor, up regulates tissue inhibitor of
metalloproteinase-2 in colorectal cancer. Genet. Mol. Res. 2013, 12, 1106–1118. [CrossRef]

28. Parashar, S.; Cheishvili, D.; Arakelian, A.; Hussain, Z.; Tanvir, I.; Khan, H.A. S-Adenosylmethionine blocks osteosarcoma cells
proliferation and invasion in vitro and tumor metastasis in vivo: Therapeutic and diagnostic clinical applications. Cancer. Med.
2015, 4, 732–744. [CrossRef]

29. Mosca, L.; Minopoli, M.; Pagano, M.; Vitiello, F.; Carriero, M.V.; Cacciapuoti, G.; Porcelli, M. Effects of S-adenosyl-L-methionine
on the invasion and migration of head and neck squamous cancer cells and analysis of the underlying mechanisms. Int. J. Oncol.
2020, 56, 1212–1224. [CrossRef]

30. Mahmood, N.; Arakelian, A.; Cheishvili, D.; Szyf, M.; Rabbani, S.A. S-adenosylmethionine in combination with decitabine shows
enhanced anti-cancer effects in repressing breast cancer growth and metastasis. J. Cell. Mol. Med. 2020. [CrossRef]

31. Mahmood, N.; Arakelian, A.; Muller, W.J.; Szyf, M.; Rabbani, S.A. An enhanced chemopreventive effect of methyl donor
S-adenosylmethionine in combination with 25-hydroxyvitamin D in blocking mammary tumor growth and metastasis. Bone Res.
2020, 8, 28. [CrossRef] [PubMed]

32. Mansoori, B.; Mohammadi, A.; Shirjang, S.; Baradaran, B. Micro-RNAs: The new potential biomarkers in cancer diagnosis;
prognosis and cancer therapy. Cell. Mol. Biol. 2015, 61, 1–10. [CrossRef] [PubMed]

33. McGuire, A.; Brown, J.A.; Kerin, M.J. Metastatic breast cancer: The potential of miRNA for diagnosis and treatment monitoring.
Cancer Metastasis Rev. 2015, 34, 145–155. [CrossRef] [PubMed]

34. Kogure, A.; Kosaka, N.; Ochiya, T. Cross-talk between cancer cells and their neighbors via miRNA in extracellular vesicles: An
emerging player in cancer metastasis. J. Biomed. Sci. 2019, 26, 7. [CrossRef]

35. Rodríguez-Martínez, A.; de Miguel-Pérez, D.; Ortega, F.G.; García-Puche, J.L.; Robles-Fernández, I.; Exposito, J.; Martorell-
Marugan, J.; Carmona-Sáez, P.; Garrido-Navas, M.D.C.; Rolfo, C.; et al. Exosomal miRNA profile as complementary tool in the
diagnostic and prediction of treatment response in localized breast cancer under neoadjuvant chemotherapy. Breast Cancer Res.
2019, 21, 21. [CrossRef]

36. Wei, M.; Yu, H.; Cai, C.; Gao, R.; Liu, X.; Zhu, H. MiR-3194-3p Inhibits Breast Cancer Progression by Targeting Aquaporin1. Front.
Oncol. 2020, 10, 1513. [CrossRef]

37. You, F.; Luan, H.; Sun, D.; Cui, T.; Ding, P.; Tang, H.; Sun, D. miRNA-106a Promotes Breast Cancer Cell Proliferation; Clonogenicity;
Migration; and Invasion Through Inhibiting Apoptosis and Chemosensitivity. DNA Cell Biol. 2019, 38, 198–207. [CrossRef]

http://dx.doi.org/10.1016/j.jhep.2012.04.041
http://dx.doi.org/10.1152/physrev.00047.2011
http://dx.doi.org/10.18632/oncotarget.23704
http://dx.doi.org/10.1002/jcp.25089
http://dx.doi.org/10.1002/jcp.26015
http://dx.doi.org/10.7150/jca.25422
http://dx.doi.org/10.1002/jcp.28000
http://www.ncbi.nlm.nih.gov/pubmed/30575033
http://dx.doi.org/10.1007/s00210-019-01617-2
http://dx.doi.org/10.3390/cells9081864
http://www.ncbi.nlm.nih.gov/pubmed/32784836
http://dx.doi.org/10.3390/ijms21228547
http://www.ncbi.nlm.nih.gov/pubmed/33202711
http://dx.doi.org/10.1074/jbc.M401669200
http://www.ncbi.nlm.nih.gov/pubmed/15150277
http://dx.doi.org/10.1158/0008-5472.CAN-06-1954
http://dx.doi.org/10.4238/2013.April.10.6
http://dx.doi.org/10.1002/cam4.386
http://dx.doi.org/10.3892/ijo.2020.5011
http://dx.doi.org/10.1111/jcmm.15642
http://dx.doi.org/10.1038/s41413-020-0103-6
http://www.ncbi.nlm.nih.gov/pubmed/32714613
http://dx.doi.org/10.14715/cmb/2015.61.5.1
http://www.ncbi.nlm.nih.gov/pubmed/26475381
http://dx.doi.org/10.1007/s10555-015-9551-7
http://www.ncbi.nlm.nih.gov/pubmed/25721950
http://dx.doi.org/10.1186/s12929-019-0500-6
http://dx.doi.org/10.1186/s13058-019-1109-0
http://dx.doi.org/10.3389/fonc.2020.01513
http://dx.doi.org/10.1089/dna.2018.4282


Int. J. Mol. Sci. 2021, 22, 286 18 of 19

38. Li, X.; Luo, Q.; Wei, C.; Li, D.; Li, J.; Fang, L. MiRNA-107 inhibits proliferation and migration by targeting CDK8 in breast cancer.
Int. J. Clin. Exp. Med. 2014, 7, 32–40.

39. Stasio, D.D.; Mosca, L.; Lucchese, A.; Cave, D.D.; Kawasaki, H.; Lombardi, A.; Porcelli, M.; Caraglia, M. Salivary mir-27b
Expression in Oral Lichen Planus Patients: A Series of Cases and a Narrative Review of Literature. Curr. Top. Med. Chem. 2019, 19,
2816–2823. [CrossRef]

40. Grassia, V.; Lombardi, A.; Kawasaki, H.; Ferri, C.; Perillo, L.; Mosca, L.; Cave, D.D.; Nucci, L.; Porcelli, M.; Caraglia, M.
Salivary microRNAs as new molecular markers in cleft lip and palate: A new frontier in molecular medicine. Oncotarget 2018, 9,
18929–18938. [CrossRef]

41. Ilisso, C.P.; Castellano, M.; Zappavigna, S.; Lombardi, A.; Vitale, G.; Dicitore, A.; Cacciapuoti, G.; Caraglia, M.; Porcelli, M. The
methyl donor S-adenosylmethionine potentiates doxorubicin effects on apoptosis of hormone-dependent breast cancer cell lines.
Endocrine 2015, 50, 212–222. [CrossRef] [PubMed]

42. Cave, D.D.; Ilisso, C.P.; Mosca, L.; Pagano, M.; Martino, E.; Porcelli, M.; Cacciapuoti, G. The anticancer effects of S-
adenosylmethionine on breast cancer cells. JSM Chem. 2017, 5, 1049.

43. Ilisso, C.P.; Cave, D.D.; Mosca, L.; Pagano, M.; Coppola, A.; Mele, L.; Caraglia, M.; Cacciapuoti, G.; Porcelli, M. S-
Adenosylmethionine regulates apoptosis and autophagy in MCF-7 breast cancer cells through the modulation of specific
microRNAs. Cancer Cell Int. 2018, 18, 197. [CrossRef] [PubMed]

44. Zhang, L.; Liao, Y.; Tang, L. MicroRNA-34 family: A potential tumor suppressor and therapeutic candidate in cancer. Exp. Clin.
Cancer Res. 2019, 38, 53. [CrossRef]

45. Yang, S.; Li, Y.; Gao, J.; Zhang, T.; Li, S.; Luo, A.; Chen, H.; Ding, F.; Wang, X.; Liu, Z. MicroRNA-34 suppresses breast cancer
invasion and metastasis by directly targeting Fra-1. Oncogene 2013, 32, 4294–4303. [CrossRef]

46. Mercey, O.; Popa, A.; Cavard, A.; Paquet, A.; Chevalier, B.; Pons, N.; Magnone, V.; Zangari, J.; Brest, P.; Zaragosi, L.E.; et al.
Characterizing isomiR variants within the microRNA-34/449 family. FEBS Lett. 2017, 591, 693–705. [CrossRef]

47. Imani, S.; Wu, R.C.; Fu, J. MicroRNA-34 family in breast cancer: From research to therapeutic potential. J. Cancer 2018, 9,
3765–3775. [CrossRef]

48. Achari, C.; Winslow, S.; Ceder, Y.; Larsson, C. Expression of miR-34c induces G2/M cell cycle arrest in breast cancer cells. BMC
Cancer 2014, 14, 538. [CrossRef]

49. Xu, B.; Zhang, X.; Wang, S.; Shi, B. MiR-449a suppresses cell migration and invasion by targeting PLAGL2 in breast cancer. Pathol.
Res. Pract. 2018, 214, 790–795. [CrossRef]

50. Yong-Ming, H.; Ai-Jun, J.; Xiao-Yue, X.; Jian-Wei, L.; Chen, Y.; Ye, C. miR-449a: A potential therapeutic agent for cancer. Anticancer
Drugs 2017, 28, 1067–1078. [CrossRef]

51. Kawasaki, H.; Takeuchi, T.; Ricciardiello, F.; Lombardi, A.; Biganzoli, E.; Fornili, M.; De Bortoli, D.; Mesolella, M.; Cossu, A.M.;
Scrima, M.; et al. Definition of miRNA signatures of nodal metastasis in LCa: miR-449a targets Notch genes and suppresses cell
migration and invasion. Mol. Ther. Nucleic Acids 2020, 20, 711–724. [CrossRef] [PubMed]

52. Vuoso, D.C.; D’Angelo, S.; Ferraro, R.; Caserta, S.; Guido, S.; Cammarota, M.; Porcelli, M.; Cacciapuoti, G. Annurca apple
polyphenol extract promotes mesenchymal-to-epithelial transition and inhibits migration in triple-negative breast cancer cells
through ROS/JNK signaling. Sci. Rep. 2020, 10, 15921. [CrossRef] [PubMed]

53. Egeblad, M.; Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nat. Rev. Cancer 2002, 2, 161–174.
[CrossRef] [PubMed]

54. Xu, J.; Prosperi, J.R.; Choudhury, N.; Olopade, O.I.; Goss, K.H. β-Catenin is required for the tumorigenic behavior of triple-
negative breast cancer cells. PLoS ONE 2015, 10, e0117097. [CrossRef]

55. Valcourt, U.; Kowanetz, M.; Niimi, H.; Heldin, C.H.; Moustakas, A. TGF-beta and the Smad signaling pathway support
transcriptomic reprogramming during epithelial-mesenchymal cell transition. Mol. Biol. Cell 2005, 16, 1987–2002. [CrossRef]

56. Ding, L.; Gu, H.; Xiong, X.; Ao, H.; Cao, J.; Lin, W.; Yu, M.; Lin, J.; Cui, Q. MicroRNAs involved in carcinogenesis, prognosis,
therapeutic resistance and applications in human triple-negative breast cancer. Cells 2019, 8, 1492. [CrossRef]

57. Xu, J.; Wu, K.J.; Jia, Q.J.; Ding, X.F. Roles of miRNA and lncRNA in triple-negative breast cancer. J. Zhejiang Univ. Sci. B. 2020, 21,
673–689. [CrossRef]

58. Yang, H.; Cho, M.E.; Li, T.W.; Peng, H.; Ko, K.S.; Mato, J.M.; Lu, S.C. MicroRNAs regulate methionine adenosyltransferase 1A
expression in hepatocellular carcinoma. J. Clin. Investig. 2013, 123, 285–298. [CrossRef]

59. Koturbash, I.; Melnyk, S.; James, S.J.; Beland, F.A.; Pogribny, I.P. Role of epigenetic and miR-22 and miR-29b alterations in the
downregulation of Mat1a and Mthfr genes in early preneoplastic livers in rats induced by 2-acetylaminofuorene. Mol. Carcinog.
2013, 52, 318–327. [CrossRef]

60. Lo, T.F.; Tsai, W.C.; Chen, S.T. MicroRNA-21-3p, a berberine-induced miRNA, directly down-regulates human methionine
adenosyltransferases 2A and 2B and inhibits hepatoma cell growth. PLoS ONE 2013, 8, e75628. [CrossRef]

61. Zeng, Z.; Chen, X.; Zhu, D.; Luo, Z.; Yang, M. Low expression of circulating microRNA-34c is associated with poor prognosis in
triple-negative breast cancer. Yonsei Med. J. 2017, 58, 697–702. [CrossRef] [PubMed]

62. Kaboli, P.J.; Rahmat, A.; Ismail, P.; Ling, K.H. MicroRNA-based therapy and breast cancer: A comprehensive review of novel
therapeutic strategies from diagnosis to treatment. Pharmacol. Res. 2015, 97, 104–121. [CrossRef] [PubMed]

63. Wu, D.; Liu, J.; Chen, J.; He, H.; Ma, H.; Lv, X. miR-449a suppresses tumor growth, migration and invasion in non-small cell lung
cancer by targeting a HMGB1-mediated NF-κB signaling pathway. Oncol. Res. 2019, 27, 227–235. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/1568026619666191121144407
http://dx.doi.org/10.18632/oncotarget.24838
http://dx.doi.org/10.1007/s12020-014-0484-7
http://www.ncbi.nlm.nih.gov/pubmed/25577236
http://dx.doi.org/10.1186/s12935-018-0697-6
http://www.ncbi.nlm.nih.gov/pubmed/30533999
http://dx.doi.org/10.1186/s13046-019-1059-5
http://dx.doi.org/10.1038/onc.2012.432
http://dx.doi.org/10.1002/1873-3468.12595
http://dx.doi.org/10.7150/jca.25576
http://dx.doi.org/10.1186/1471-2407-14-538
http://dx.doi.org/10.1016/j.prp.2017.12.012
http://dx.doi.org/10.1097/CAD.0000000000000555
http://dx.doi.org/10.1016/j.omtn.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32402942
http://dx.doi.org/10.1038/s41598-020-73092-2
http://www.ncbi.nlm.nih.gov/pubmed/32985606
http://dx.doi.org/10.1038/nrc745
http://www.ncbi.nlm.nih.gov/pubmed/11990853
http://dx.doi.org/10.1371/journal.pone.0117097
http://dx.doi.org/10.1091/mbc.e04-08-0658
http://dx.doi.org/10.3390/cells8121492
http://dx.doi.org/10.1631/jzus.B1900709
http://dx.doi.org/10.1172/JCI63861
http://dx.doi.org/10.1002/mc.21861
http://dx.doi.org/10.1371/journal.pone.0075628
http://dx.doi.org/10.3349/ymj.2017.58.4.697
http://www.ncbi.nlm.nih.gov/pubmed/28540980
http://dx.doi.org/10.1016/j.phrs.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/25958353
http://dx.doi.org/10.3727/096504018X15213089759999
http://www.ncbi.nlm.nih.gov/pubmed/29562957


Int. J. Mol. Sci. 2021, 22, 286 19 of 19

64. Lu, D.G.; Tang, Q.L.; Wei, J.H.; He, F.Y.; Lu, L.; Tang, Y.J. Targeting EZH2 by microRNA-449a inhibits osteosarcoma cell
proliferation, invasion and migration via regulation of PI3K/AKT signaling pathway and epithelial-mesenchymal transition. Eur.
Rev. Med. Pharmacol. Sci. 2020, 24, 1656–1665. [CrossRef]

65. Yao, Y.; Ma, J.; Xue, Y.; Wang, P.; Li, Z.; Li, Z.; Hu, Y.; Shang, X.; Liu, Y. MiR-449a exerts tumor-suppressive functions in human
glioblastoma by targeting Myc-associated zinc-finger protein. Mol. Oncol. 2015, 9, 640–656. [CrossRef]

66. Ye, W.; Xue, J.; Zhang, Q.; Li, F.; Zhang, W.; Chen, H.; Huang, Y.; Zheng, F. MiR-449a functions as a tumor suppressor in
endometrial cancer by targeting CDC25A. Oncol. Rep. 2014, 32, 1193–1199. [CrossRef]

67. Sandbothe, M.; Buurman, R.; Reich, N.; Greiwe, L.; Vajen, B.; Gürlevik, E.; Schäffer, V.; Eilers, M.; Kühnel, F.; Vaquero, A.; et al.
The microRNA-449 family inhibits TGF-β-mediated liver cancer cell migration by targeting SOX4. J. Hepatol. 2017, 66, 1012–1021.
[CrossRef]

68. Zhang, Z.; Wang, J.; Gao, R.; Yang, X.; Zhang, Y.; Li, J.; Zhang, J.; Zhao, X.; Xi, C.; Lu, X. Downregulation of MicroRNA-449
Promotes Migration and Invasion of Breast Cancer Cells by Targeting Tumor Protein D52 (TPD52). Oncol. Res. 2017, 25, 753–761.
[CrossRef]

69. Shi, W.; Bruce, J.; Lee, M.; Yue, S.; Rowe, M.; Pintilie, M.; Kogo, R.; Bissey, P.A.; Fyles, A.; Yip, K.W.; et al. MiR-449a promotes
breast cancer progression by targeting CRIP2. Oncotarget 2016, 7, 18906–18918. [CrossRef]

70. Mehner, C.; Hockla, A.; Miller, E.; Ran, S.; Radisky, D.C.; Radisky, E.S. Tumor cell-produced matrix metalloproteinase 9 (MMP-9)
drives malignant progression and metastasis of basallike triple negative breast cancer. Oncotarget 2014, 5, 2736–2749. [CrossRef]

71. Gobin, E.; Bagwell, K.; Wagner, J.; Mysona, D.; Sandirasegarane, S.; Smith, N.; Bai, S.; Sharma, A.; Schleifer, R.; She, J. A pan-cancer
perspective of matrix metalloproteases (MMP) gene expression profile and their diagnostic/prognostic potential. BMC Cancer
2019, 19, 581. [CrossRef] [PubMed]

72. Yu, W.; Yang, L.; Li, T.; Zhang, Y. Cadherin signaling in cancer: Its functions and role as a therapeutic target. Front. Oncol. 2019, 9,
989. [CrossRef]

73. Luo, Y.; Yu, T.; Zhang, Q.; Fu, Q.; Hu, Y.; Xiang, M.; Peng, H.; Zheng, T.; Lu, L.; Shi, H. Upregulated N-cadherin expression
is associated with poor prognosis in epithelial-derived solid tumours: A meta-analysis. Eur J. Clin. Investig. 2018, 48, e12903.
[CrossRef] [PubMed]

74. Padmanaban, V.; Krol, I.; Suhail, Y.; Szczerba, B.M.; Aceto, N.; Bader, J.S.; Ewald, A.J. E-cadherin is required for metastasis in
multiple models of breast cancer. Nature 2019, 573, 439–444. [CrossRef] [PubMed]

75. Chao, Y.L.; Shepard, C.R.; Wells, A. Breast carcinoma cells re-express E-cadherin during mesenchymal to epithelial reverting
transition. Mol. Cancer 2010, 9, 179. [CrossRef] [PubMed]

76. Loh, C.Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi1, C.Y. The E-cadherin and N-cadherin
switch in epithelial-to-mesenchymal transition: Signaling, therapeutic implications, and challenges. Cells 2019, 8, 1118. [CrossRef]

77. Liu, C.Y.; Lin, H.H.; Tang, M.J.; Wang, Y.K. Vimentin contributes to epithelial-mesenchymal transition cancer cell mechanics by
mediating cytoskeletal organization and focal adhesion maturation. Oncotarget 2015, 6, 15966–15983. [CrossRef] [PubMed]

78. Tsubakihara, Y.; Moustakas, A. Epithelial-mesenchymal transition and metastasis under the control of transforming growth factor
β. Int. J. Mol. Sci. 2018, 19, 3672. [CrossRef]

79. Barbieri, A.; Mele, L.; Del Vecchio, V.; Marampon, F.; Regad, T.; Wagner, S.; Mosca, L.; Bimonte, S.; Giudice, A.; Liccardo, D.; et al.
β2-AR blockade potentiates MEK1/2 inhibitor effect on HNSCC by regulating Nrf2-mediated defense mechanism. Cell Death Dis.
2020, 11, 850. [CrossRef]

80. D’Agostino, A.; Maritato, R.; La Gatta, A.; Fusco, A.; Reale, S.; Stellavato, A.; Pirozzi, A.V.A.; De Rosa, M.; Donnarumma, G.;
Schiraldi, C. In Vitro Evaluation of Novel Hybrid Cooperative Complexes in a Wound Healing Model: A Step Toward Improved
Bioreparation. Int. J. Mol. Sci. 2019, 20, 4727. [CrossRef]

81. Fernández-Ramos, D.; Lopitz-Otsoa, F.; Delacruz-Villar, L.; Bilbao, J.; Pagano, M.; Mosca, L.; Bizkarguenaga, M.; Azkargorta, M.;
Iruarrizaga-Lejarreta, M.; Sot, J.; et al. Aramchol improves liver glucose and lipid homeostasis in NASH via AMPK and mTOR
regulation. World J. Gastroenterol. 2020, 26, 5101–5117. [CrossRef] [PubMed]

82. Pagano, M.; Mosca, L.; Vitiello, F.; Ilisso, C.P.; Coppola, A.; Borzacchiello, L.; Mele, L.; Caruso, F.P.; Ceccarelli, M.; Caraglia, M.;
et al. Mi-RNA-888-5p Is Involved in S-Adenosylmethionine Antitumor Effects in Laryngeal Squamous Cancer Cells. Cancers
2020, 12, 3665. [CrossRef] [PubMed]

http://dx.doi.org/10.26355/eurrev_202002_20339
http://dx.doi.org/10.1016/j.molonc.2014.11.003
http://dx.doi.org/10.3892/or.2014.3303
http://dx.doi.org/10.1016/j.jhep.2017.01.004
http://dx.doi.org/10.3727/096504016X14772342320617
http://dx.doi.org/10.18632/oncotarget.7753
http://dx.doi.org/10.18632/oncotarget.1932
http://dx.doi.org/10.1186/s12885-019-5768-0
http://www.ncbi.nlm.nih.gov/pubmed/31200666
http://dx.doi.org/10.3389/fonc.2019.00989
http://dx.doi.org/10.1111/eci.12903
http://www.ncbi.nlm.nih.gov/pubmed/29405291
http://dx.doi.org/10.1038/s41586-019-1526-3
http://www.ncbi.nlm.nih.gov/pubmed/31485072
http://dx.doi.org/10.1186/1476-4598-9-179
http://www.ncbi.nlm.nih.gov/pubmed/20609236
http://dx.doi.org/10.3390/cells8101118
http://dx.doi.org/10.18632/oncotarget.3862
http://www.ncbi.nlm.nih.gov/pubmed/25965826
http://dx.doi.org/10.3390/ijms19113672
http://dx.doi.org/10.1038/s41419-020-03056-x
http://dx.doi.org/10.3390/ijms20194727
http://dx.doi.org/10.3748/wjg.v26.i34.5101
http://www.ncbi.nlm.nih.gov/pubmed/32982112
http://dx.doi.org/10.3390/cancers12123665
http://www.ncbi.nlm.nih.gov/pubmed/33297397

	Introduction 
	Results 
	AdoMet Up-Regulated miR-34c and miR-449a Expression in MDA-MB-231 and MDA-MB-468 TNBC Cells 
	Overexpression of miR-34c and miR-449a Enhances the Pro-Apoptotic Effect of AdoMet in MDA-MB-231 and MDA-MB-468 Cells 
	AdoMet Inhibits TNBC Cell Migration by up Regulation of miR-34c and miR-449a 
	AdoMet Decreased the Levels of the Main Migration- and EMT-Related Markers by Upregulating miR-34c and miR-449a 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Cultures and Treatments 
	Cell Transfections 
	MiRNA Detection by qRT PCR 
	Flow Cytometry Analysis of Apoptosis 
	Time-Lapse Video Microscopy 
	Preparation of Cell Lysates 
	Western Blotting Analysis 
	Statistical Analysis 

	Conclusions 
	References

