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Abstract: Purpose: In order to study novel therapeutic approaches taking advantage of natural
compounds showing anticancer and anti-proliferative effects, we focused our interest on S-adenosyl-
L-methionine, a naturally occurring sulfur-containing nucleoside synthesized from adenosine triphos-
phate and methionine by methionine adenosyltransferase, and its potential in overcoming drug
resistance in colon cancer cells devoid of p53. Results: In the present study, we demonstrated that
S-adenosyl-L-methionine overcomes uL3-mediated drug resistance in p53 deleted colon cancer cells.
In particular, we demonstrated that S-adenosyl-L-methionine causes cell cycle arrest at the S phase;

chedcktfor inhibits autophagy; augments reactive oxygen species; and induces apoptosis in these cancer cells.
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P Conclusions: Results reported in this paper led us to propose S-adenosyl-L-methionine as a potential
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1. Introduction
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! Colon cancer is one of the most common causes of cancer-related death worldwide
Received: 25 November 2020 and its incidence is steadily rising [1]. Surgery, chemotherapy, and radiotherapy, either in-
Accepted: 17 December 2020 dividually or in combination, are recognized as key treatments for all stages of colon cancer
Published: 24 December 2020 and are crucial in determining patient survival and quality of life. Although, chemotherapy

is very effective after surgery, the clinical outcome of this therapeutic approach can be
Publisher’s Note: MDPI stays new-  unsatisfactory, especially in patients with advanced disease or in the presence of metasta-
tral with regard tojurisdictional claims  sjs [2]. In cancer therapy, the development of intrinsic or acquired drug resistance and/or

in published maps and institutional - myltidrug resistance (MDR) is the leading cause of colon tumor recurrence [3]. Thus, recent

affiliations. studies have yielded important information on how to overcome the resistance improving
cancer chemotherapy and this field remains one of the major challenges.

Over the past decades, several studies have reported a role for ribosomal proteins

(RPs) in multidrug resistance. To date, the upregulation of uL4 and uL18 was associated
censee MDPL Basel, Switzerland, This ~ With doxorubicin resistance in human colon cancer cells [4]; higher intracellular levels of
article is an open access article distributed €528 was associated with acquired cisplatin resistance in human head and neck carcinoma
under the terms and conditions of the cell lines [5]. Other studies have reported the high expression of eL8 and eL6 in adriamycin-
Creative Commons Attribution (CCBY) ~ resistant gastric cancer cells [6]. Shi et al. have demonstrated the involvement of uS15 and
license (https:/ /creativecommons.org/ ~ UL14 in the development of resistance to vincristine, adriamycin, and 5-fluorouracil (5-FU)
licenses /by /4.0/). in a multidrug-resistant gastric cancer cell line SGC790 [7].
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RPs also have a role in the regulation of molecular mechanisms underlying the de-
velopment of drug resistance in cancer cells that contain mutant p53 or no p53 at all [8].
Among these, we have recently identified a specific pathway depending on ulL3 status in
colon and lung cancer devoid of p53 [9-11].

uL3 is a member of a subset of RPs that, as the ribosome-free form, are implicated in
various important events in cell life [12]. In particular, uL3 regulates its own expression
through the generation of mRNA isoforms that are the target of nonsense-mediated mRNA
decay [13,14].

We demonstrated that the expression of uL3 is downregulated in colon tumor tis-
sues [15] and that uL3 overexpression stimulated apoptotic cell death by inducing late
apoptosis [16]. In particular, we showed that uL3AHCT 116P>~/~ colon cancer cells in
which uL3 levels were strongly lower than those in the parental cell line [17] resulted in
being resistant to different chemotherapeutic agents including 5-FU, oxaliplatin, and acti-
nomycin D [17-20]. The reduction of uL3 levels in these cells is associated with alteration
in cell motility and the epithelial mesenchymal transition (EMT) phenotype, a migratory
cellular program strictly interconnected with tumor development and metastasis [10].

How to overcome drug resistance is a key issue for cancer treatment. Emerging evidence
indicates that natural compounds are a promising source of new anticancer drugs.

S-Adenosyl-L-methionine (AdoMet) is a major cellular methyl donor and exerts a
primary role in several biochemical reactions, making it the second most used enzyme
cofactor after ATP [21-23]. AdoMet plays a critical role in the synthesis of polyamines,
provides cysteine for the production of glutathione, and is involved in 5'-deoxyadenosyl-5'-
radical-mediated biochemical transformations and in the biosynthesis of different metabo-
lites [21,24-27].

Aside from its well-known functions, AdoMet exerts antitumor action through differ-
ent biological pathways depending on cancer cell-type [26-33]. Hence, many in vitro and
in vivo studies showed the involvement of the sulfonium compound in the regulation of
cell growth, induction of apoptosis, autophagy, unfolding protein response, and inhibition
of invasion and metastatic spread in different kinds of human cancer [27-30].

Here, we demonstrated that AdoMet overcame uL3-mediated drug resistance in
uL3AHCT 116P%3~/~ colon cancer cells. We reported that AdoMet-induced antiprolifera-
tive effects were accompanied by cell cycle arrest in the S-phase, inhibition of autophagy,
increase of ROS, and induction of apoptosis. AdoMet consistently caused a strong decrease
of cyclin D1 levels and a marked increase of pro-apoptotic caspase 3/8/9 activation and
PARP-1 cleavage. Altogether, this study provides a new exploratory perspective for over-
coming the drug resistance of colon cancer cells showing p53 and uL3 lower levels by using
the biomolecule AdoMet.

2. Results
2.1. AdoMet Inhibits Proliferation in HCT 116"/~ and uL3AHCT 116>3~/~ Colon Cancer Cells

With the aim to investigate the role of AdoMet in uL3-mediated drug resistance, we
first evaluated its effects on cell proliferation in our model of colon cancer cells deleted of
p53 [17]. To this aim, sensitive HCT116P%3~/~ cells and drug-resistant uL3AHCT116P%3~/~
cells were incubated with different concentrations (from 72 to 1000 uM) of AdoMet. The
24, 48, and 72 h later cell viability was assessed by the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) assay. As shown in Figure 1A, HCT 116P%~/~ cells
showed sensitivity to AdoMet and cell viability was significantly decreased in a dose-
and time-dependent manner. These data demonstrated that AdoMet exerted cytotoxic
effects in HCT 116P3~/~ colon cancer cells. Of interest, AdoMet also showed cytotoxic
activity in resistant uL3AHCT 116P%3~/~ cells (Figure 1B), although with lower efficacy
as demonstrated by an ICsq value of 750 uM compared to an ICsy value of 500 uM in
HCT 116P53~/~ cells at 72 h. These data suggest that AdoMet could restore the sensitivity
of resistant uL3AHCT 116P%~/~ cells. We have previously demonstrated that in these
cells, the silencing of uL3 completely abolished the cytotoxicity of 5-FU treatment [17]. To
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demonstrate the crucial role of AdoMet in overcoming uL3-mediated drug resistance, we
investigated the role of AdoMet alone or in combination with 5-FU on cell viability. To
this purpose, uL3AHCT 116P>~/~ cells were treated with AdoMet (from 125 to 1000 ©M),
5-FU (from 12.5 to 100 uM), or with a combination of 5-FU and AdoMet. For the 72 h later,
cell viability was estimated by the 3-(4, 5-dimethylthiazol-2-yl)- 2, 5-diphenyltetrazolium
bromide (MTT) assay. As expected, the percentage of cell viability decreased after AdoMet
treatment while the treatment with 5-FU had no effect on cell viability. Of note, in cells
treated with 5-FU plus AdoMet, we found that the cell viability was strongly reduced
compared to that of cells exposed to AdoMet alone (Figure 1C). Altogether, these data
show that AdoMet re-sensitizes drug resistant colon cancer cells to 5-FU treatment.
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Figure 1. Cytotoxic effect of S-Adenosyl-L-methionine (AdoMet) on HCT 116P%3~/~ and uL3AHCT
116P%3~/~ colon cancer cells. HCT 116P%3~/~ (A) and uL3AHCT 11653/~ cells (B) were treated
with increasing amounts of AdoMet (72-1000 uM) from 24 to 72 h, then cell viability was measured by
the MTT assay. Results are presented as a percentage of the control cells. * p < 0.05 versus untreated
cells (C) uL3AHCT 116P%3—/~ were treated with AdoMet (from 125 to 1000 uM), and 5-FU (from 12.5
to 100 uM), alone or in combination, for 72 h. Cell viability was assayed using the MTT assay. Data
represent the average of three independent experiments; error bars represent the standard deviation.
* p < 0.05 versus untreated cells.
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2.2. AdoMet Causes Cell Cycle Arrest in S Phase in uL3AHCT 116P%3~/~

In order to investigate the mechanism by which AdoMet exerts its cytotoxic activity
in p53 deleted colon cancer cells, alterations in the cell cycle distribution were analyzed.
To this aim, HCT 116P>*~/~ and uL3AHCT 116P**~/~ cells were treated with 500 uM of
AdoMet. Seventy-two hours later, cell cycle distribution was monitored by flow cytometry.
Analysis of cell cycle profile of treated HCT 116P%3~/~ cells showed that AdoMet had no
effect (Figure 2A,C). To confirm this result, the expression levels of key regulators of the
cell cycle phases were assessed. Consistently, the expression profile of cyclin B, D, and E
resulted in being unaltered upon AdoMet treatment, while the expression levels of cyclin
A were increased (Figure 3A). Interestingly, the observed upregulation of cyclin A could
be involved in mechanisms of cell death as already reported [34]. In the absence of uL3,
the exposure of cells to AdoMet caused an increased percentage of cell population in the
S phase (from about 13% to about 40%) with a relative decreased cell population in the
G2/M phase (from about 20% to about 11%) and G1 phase (from about 65% to about 41%)
(Figure 2B,C). Analysis of cyclin level in these cells showed that AdoMet treatment caused
an upregulation of the G1 phase-related protein as cyclin E and G2/M phase-related cyclin
B. Furthermore, as observed in HCT 116P%~/~, the levels of cyclin A increased following
AdoMet treatment (Figure 3B). More importantly, the treatment of uL3AHCT 116P%3~/~
cells with AdoMet was associated with a marked downregulation of cyclin D that, as we
have previously demonstrated [10], is upregulated in these cells as aa consequence of
ulL3 silencing.

All these data indicate that the inhibitory effects of AdoMet on uL3AHCT 116P%3~/~
cell proliferation were associated with the alteration in cell cycle progression, downregula-
tion of cyclin D1, and upregulation of Cyclin A.

2.3. AdoMet Induces Apoptosis in HCT 116"°3~/~ and uL3AHCT 116>3~/~ Colon Cancer Cells

To further investigate the underlying mechanism that contributes to AdoMet-mediated
growth inhibition in our model of colon cancer cells, we determined whether AdoMet
decreased cell survival through the induction of apoptosis. To this aim, Annexin V analysis
was performed. HCT 116P%~/~ cells and uL3AHCT 116P%~/~ cells were treated with
500 uM AdoMet and 72 h after were assessed with Annexin V-FITC. As shown in Figure
4A, the percentage of Annexin-V positive cells increased after AdoMet treatment compared
to untreated cells in both cell lines. Specifically, we found that in HCT 116P%~/~ cells,
AdoMet significantly increased the percentage of late apoptotic cells (Annexin V+ and
PI+) from 6% in the untreated cells to 13% in the treated cells (Figure 4A). Upon exposure
to AdoMet in the uL3AHCT 116P53~/~ cell line, apoptotic cells proportion raised from
3 to 17% (Figure 4A). Since it is well-recognized that caspase family and PARP-1 play
pivotal roles in the initiation and execution of apoptosis, the expression of these apoptosis-
related proteins was assessed by western blot analysis. As expected, Figure 4B showed
the downregulation of PARP-1, pro-caspase 3, 9, 8, and an increase in the ratio between
pro-apoptotic Bad and anti-apoptotic Bcl-2 in both cell lines [35].
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Figure 2. Effect of AdoMet on cell cycle in HCT 116P%~/~ and uL3AHCT 116P%3~/~ colon cancer
cells. Representative FACS histograms of propidium iodide (PI)-stained of HCT 116P53~/~ (A) and

uL3AHCT 116P%3—/~ (B) cells treated or

not (CTR) with 500 uM AdoMet for 72 h. (C) The bar

diagram shows the percentage of cells in each phase of the cell cycle. Each bar represents the mean
of triplicate experiments; error bars represent the standard deviation. For each sample, at least
2 x 10* events were analyzed. * p < 0.05 versus untreated cells.
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Figure 3. Effect of AdoMet on cell cycle regulatory proteins in HCT 116P%~/~ and uL3AHCT 116P%~/~ colon cancer
cells. The level of cell cycle-regulatory proteins in HCT 116P%3~/~ (A) and uL3AHCT 116P%3~/~ cells (B) was measured by
western blot analysis. The housekeeping protein (3-actin was used as a loading control. The relative densitometric analysis
is reported in the corresponding graphs, expressed as arbitrary units. Bars represent the mean of triplicate experiments;
error bars represent the standard deviation. * p < 0.05, ** p < 0.01 vs. untreated cells set at 1. The images are representative
of three immunoblotting analyses obtained from three independent experiments. Full-length blots are shown in Figure S1.
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Figure 4. Effect of AdoMet on apoptosis in HCT 116P>3~/~ and uL3AHCT 116P>*~/~ colon cancer
cells. (A) Representative dot plots of Annexin V-FITC and PI-stained HCT 116P>~/~ and uL3AHCT
11653/~ cells incubated with 500 pM AdoMet for 72 h. The experiments were repeated three
times. (B) Immunoblots of HCT 116P%3~/~ and uL3AHCT 116P%~/~ for PARP-1, pro-caspase 3,
pro-caspase 8, pro-caspase 9, Bad, and Bcl-2; the housekeeping proteins a-tubulin and 3-actin were
used as loading control. Graphs show the relative densitometric analyses, expressed as arbitrary
units. Bars represent the mean of triplicate experiments; error bars represent the standard deviation.
*p <0.05,** p <0.01 vs. untreated cells set at 1. The images are representative of three immunoblotting
analyses obtained from three independent experiments. Full-length blots are shown in Figure S2.
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2.4. AdoMet Increases ROS Production in HCT 116P°>~/~ and uL3AHCT 116>3~/~ Colon
Cancer Cells

Since many anticancer drugs and natural compounds have been highlighted to exert a
pro-apoptotic effect in neoplastic cells due to their pro-oxidant activity, we were interested
in evaluating the levels of reactive oxygen species (ROS) in colon cancer cells in the presence
and absence of uL3. Therefore, HCT 116P>3~/~ cells and uL3AHCT 116P%3~/~ cells were
treated with 500 uM AdoMet for 72 h and the intracellular ROS levels were quantitatively
evaluated by the 2’,7'-dichlorofluorescein diacetate (DCF-DA) flow cytometric assay.

Results in Figure 5A showed an increase in ROS production after AdoMet treatment
in both cell lines, as evidenced by the reported median intensity fluorescence (MFI) value.
Specifically, an increase of 2- and 3-fold in ROS levels was observed in uL3AHCT 116P>~/~
and HCT 116P%3~/~ cells, respectively, compared to the control cells. Overall, these results
indicate that the activation of ROS signaling could represent one of the mechanisms
underlying AdoMet-induced apoptosis in these cell lines.

2.5. AdoMet Inhibits Autophagy in HCT 116P*3~/~ and uL3AHCT 116P>3~/~ Colon Cancer Cells

Autophagy plays a role as a pro-survival mechanism for drug resistance [36]. We
have recently demonstrated that the chemoresistance observed in uL3AHCT 116P%~/~
cells might depend on the higher autophagic flux displayed by this cell population [11]. To
investigate if the responsivity of uL3BAHCT 116P>~/~ cells to AdoMet exposure may be
correlated with autophagy modulation, we were interested in evaluating the autophagy
occurrence in treated cells. To this aim, HCT 116P%3~/~ and uL3AHCT 116P%3~/~ cells were
treated with 500 uM AdoMet and 48 h later were stained with vital dye LysoTracker (LTR),
a fluorescent dye for labeling and tracking cellular acidic compartments, lysosomes, and
autophagolysosomes. As shown in Figure 5B, fluorescence microscopy analysis revealed
a decreased formation of red dotted acidic vacuoles in comparison with untreated cells
(CTR), providing evidence of autophagic flux inhibition caused by AdoMet treatment in
both cell lines. To further characterize the effect of AdoMet, flow cytometry analysis was
performed in the same cells. Results in Figure 5C showed a decrease in acidic vesicles after
treatment with AdoMet as assessed by measuring median fluorescence in both cell lines.

One important step in autophagosome formation involves the cleavage of LC3B-I to
LC3B-II by the coordinated activity of several proteins including Atg7 and subsequent
association of LC3B-1I with autophagosomal membranes. Thus, p62 binds directly to
ubiquitinated proteins and gets degraded during active autophagy [37].

To further demonstrate the involvement of autophagy in the AdoMet response of
colon cancer cells, and in particular, the ability of AdoMet to overcome the drug resistance
of uL3AHCT 116P%~/~ cells, we evaluated the protein expression levels of Atg?7, p62,
and LC3B by western blot analysis in both cell lines. Figure 6A,B showed that AdoMet
treatment caused a reduction of Atg7 and an increase in p62 levels in both cell lines, which
was associated with a decrease in LC3BII/I ratio (Figure 6C,D).
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Figure 5. Effect of AdoMet on ROS accumulation and on autophagic flux in HCT 116P%~/~ and uL3AHCT 116P>3~/~ colon
cancer cells. (A) HCT 116P%3~/~ and uL3AHCT 116P%3~/~ cells were treated or not (CTR) with 500 uM AdoMet for 72 h
and than subjected to flow cytometry to measure ROS levels. FACS analysis was performed using 2’,7’-dichlorofluorescein
diacetate (DCF-DA) as a substrate. For the quantitative evaluation of ROS, Flow]o software was used to calculate median
fluorescence intensities (MFI) by the formula (MFI-treated / MFI-control). Analysis was carried out by triplicate determina-

tion on three separate experiments. (B) Representative images of vital dye LysoTracker (LTR) staining of HCT 116P%3~/~
and uL3AHCT 116P53~/~ cells treated or not (CTR) with 500 uM of AdoMet for 48 h analyzed by fluorescence microscopy.
Chloroquine (CQ) was used as a positive control. (C) Flow cytometry analysis of HCT 116P%~/~ and uL3AHCT 116P%3—/~
labeled with LTR. Median fluorescence values are shown in the graphs. At least 2 x 10* events were acquired in log mode.

For the quantitative evaluation of LTR, Flow]Jo software was used to calculate median fluorescence intensities (MFI) by the

formula (MFI-treated /MFI-control). The experiments were repeated three times.
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Figure 6. Effect of AdoMet on the autophagy related markers in HCT 116P%~/~ and uL3AHCT
116P%3~/~ colon cancer cells. Representative immunoblotting of ATG7, p62, and LC3BI/II in HCT
116P53—/~ cells (A,C) and uL3AHCT 116P%3~/~ cells (B,D) treated or not with 500 pM AdoMet for
48 h. The housekeeping protein 3-actin was used as a loading control; graphs show the relative
densitometric analyses, expressed as arbitrary units. Quantification of the LC3B-II/1 ratio is shown

in the graphs. Bars represent the mean of triplicate experiments; error bars represent the standard
deviation. * p < 0.05, ** p < 0.01 vs. untreated cells set at 1. Full-length blots are shown in Figure S3.

These findings confirm the inhibitory effect of AdoMet on autophagic flux in both

colon cancer cell lines.
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3. Discussion

The failure of conventional anticancer therapy is mainly due to the development of
drug resistance that represents a serious problem in the treatment of cancer. Although many
mechanisms of tumor chemoresistance have been discovered and elucidated, it remains
the leading cause of chemotherapy failure, especially in relapsed or metastatic tumors.
Re-sensitizing cancer cells to the drugs by using novel effective strategies is a promising
approach to overcome the chemoresistance and improve clinical treatment [38,39]. Recently,
we evaluated uL3 clinical significance in colon cancer and demonstrated that uL3 expression
in colon tumor tissues is downregulated; in particular, the decrease in uL3 mRNA levels
associated with malignance progression and tumor grade and were inversely proportional
to the ratio Bcl-2/Bax [15]. Loss of uL3 in p53-deleted colon cancer cells was associated
with characteristic invasive phenotype with EMT and correlated with the development of
resistance to different chemotherapeutic agents commonly used in clinic for the treatment
of colon cancer as 5-FU [9,10,15].

Depletion of uL3 confers drug resistance through the alteration of various signaling
pathways regulating cell cycle, cell migration, apoptosis, and autophagy [8,40]. Different ap-
proaches have been proposed to come up with effective drugs to overcome drug resistance.
Combination of different drugs attacking multiple pathways simultaneously presents
some limitations including deleterious effects from drug—drug interactions, overlapped
toxicity, and costs of combination therapy [38]. Moreover, accumulating evidence suggests
that simultaneous inhibition of multiple signaling pathways by natural compounds could
represent a better therapeutic approach than that of individual inhibitors.

Over the past two decades, the in vitro and in vivo impacts of AdoMet against the
development and the progression of many types of human cancer has been demonstrated
through its involvement in different biological pathways [26-33]. In this regard, AdoMet
has become particularly attractive, taking advantage of its pleiotropic effects on different
survival pathways known to be important in colon carcinogenesis and could represent a
promising strategy to overcome uL3-mediated drug resistance.

AdoMet has been shown to induce the apoptotic process and reduce the mechanism
of inflammation and invasion in colon cancer cells [41-45]. In RKO and HT-29 colon cancer
cells, AdoMet treatment reduced the expression of several anti-apoptotic genes such as the
gene encoding FLICE-like inhibitory protein and caused the activation of caspase 8 with
the consequent release of cytochrome from the mitochondria [41].

Luo et al. reported that in colon cancer cells, AdoMet inhibited the tumor cell growth
by reversing the DNA hypomethylation on promoters of c-Myc and H-ras oncogenes,
thus downregulating their expression [42]. Furthermore, AdoMet was able to prevent
the inflammation-induced colon cancer by azoxymethane and dextran sulfate sodium in
Balb/c mice through inhibition of 3-catenin, IL-6 signaling, pro-inflammatory, pro-growth,
and proliferation pathways [43].

In the highly invasive SW-620 colorectal cancer cell line, the sulfonium compound
reduces the metastatic process by the hypermethylation of specific genes like the matrix
metalloproteinase-2 and the membrane type 1 matrix metalloproteinase [44]. Recently,
in colon SW480 and HCT116 cancer cells with constitutively active (3-catenin signaling,
AdoMet treatment inhibited (3-catenin activity, preventing its access to the nuclear compart-
ment. Moreover, in colon RKO cancer cells expressing wild-type Wnt/ 3-catenin, AdoMet
enhanced GSK3f-mediated degradation of 3-catenin by elevating the activity of protein
phosphatase 2A [45]. In this regard, thanks to its high safety profile, AdoMet represents
a hopeful strategy to overcome ulL3-mediated drug resistance, without the common side
effects of chemotherapy drugs [33].

In this study, we focused our study on examining the therapeutical potential of
AdoMet to overcome drug resistance in the uL3AHCT 116P>*~/~ cell line, a model of colon
cancer cells resistant to conventional anticancer drugs including 5-FU, based on the absence
of p53 and low levels of uL3 [10]. Results of cytotoxicity experiments demonstrated that
AdoMet caused cell death in uL3AHCT 116P%~/~ cells in a dose- and time-dependent
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manner. Of note, the combined treatment of resistant cells with AdoMet plus 5-FU was
able to rescue the cytotoxic effects of 5-FU. These data strongly demonstrate the key role
of AdoMet in overcoming ulL3 mediated drug resistance. To our knowledge, the present
study demonstrates, for the first time, evidence that AdoMet treatment re-sensitizes drug
resistant colon cancer cells. These data raise the possibility that AdoMet might be a potential
therapeutic agent for resistant colon cancer cells showing a low expression profile of p53
and ul3. In light of these observations, we were interested to exploring the mechanism
underlying AdoMet-induced cell death.

Cell cycle progression and its regulation are the key events of cell proliferation. In
HCT 116P%3~/~ cells, AdoMet treatment did not affect cell cycle profile, as confirmed by the
analysis of the expression profile of cell cycle related proteins, indicating that the observed
cytotoxic effects were not due to the deregulation of cell cycle checkpoints. Although no
apparent modifications of the expression profile of most cyclins was evidenced, an increase
of cyclin A level was observed upon AdoMet treatment. Recent findings highlighted cyclin
A involvement in the triggering of apoptosis, suggesting that the observed activation of
the apoptotic process by AdoMet in HCT 116P%3~/~ cells could be due to the alteration of
cyclin A expression [34].

Of interest, in uL3AHCT 116P%3~/~ cells, AdoMet treatment affected cell cycle, causing
a marked arrest of cell cycle at the S phase, where this effect was accompanied by a
strong increase of cyclin E. Furthermore, a downregulation of cyclin D expression was
also observed in these cells. It is known that the overexpression of cyclin D results in
drug resistance in different cancers [46]. We have previously demonstrated a role of
cyclin D in ulL3-mediated drug resistance showing that its increased expression may
contribute to cellular chemoresistance in uL3AHCT 116P%3~/~ cells [10]. We believe that
the downregulation of cyclin D upon AdoMet treatment observed only in uL3AHCT
1163/~ cells is responsible for the resensitizing of the cells to anticancer treatments. This
is in accordance with the view that targeting and inhibiting cyclin D is an effective strategy
to overcome drug resistance.

In addition to its role in cell cycle regulation, cyclin D is also involved in the regu-
lation of apoptosis. Impairing apoptosis is a critical point in the development of drug
resistance [47]. Our data demonstrated that the exposure of uL3AHCT 116P%3~/~ cells
to AdoMet induced apoptosis and this was in accordance with the ability of AdoMet to
downregulate cyclin D1 level.

Caspases are aspartate-specific cysteine proteases that play crucial roles in apopto-
sis [48]. Activation of caspases results in the cleavage and the inactivation of key cellular
proteins including the DNA repair enzyme poly(ADP ribose) polymerase 1 (PARP-1). Our
results showed that AdoMet caused a downregulation of PARP-1 associated to the cleavage
of pro-caspase 3, which was specifically mediated by caspase 9. In addition, apoptosis was
also evaluated by measuring the ratio between specific anti-apoptotic and pro-apoptotic
proteins. We found that AdoMet treatment caused a strong reduction in anti-apoptotic
Bcl-2 levels, favoring the expression of pro-apoptotic Bad. In addition to its canonical
anti-apoptotic activity, Bcl-2 has also been implicated in the regulation of ROS levels in the
mitochondrion [49]. Several studies suggest a reciprocal relationship between ROS and
Bcl-2 levels within cells; increases in ROS correlate with decreases in Bcl-2 levels and vice
versa [49]. In this study, we reported that AdoMet treatment is associated with an increase
in ROS production and a downregulation of Bcl-2 expression in both cell lines.

It has been largely demonstrated that defects of autophagy are associated with an
increase of ROS, which, in turn, can activate the intrinsic apoptotic pathway [50].

Autophagy has been defined as a ‘double-edged sword’ in cancer progression; it may
act as a tumor suppressor by clearing damaged organelle, preventing oxidative stress
and genomic instability, particularly during malignant transformation and carcinogenesis.
However, in established tumors, it may act as a pro-survival pathway during stress condi-
tions like nutrient deprivation, hypoxia, and cancer therapeutic treatment. Moreover, the
inhibition of autophagy has been shown to prevent resistance of cancer cells to chemother-
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apy [36]. Recently, we have shown that resistance to drugs caused by uL3 depletion in
p53-deleted colon cancer cells was due to autophagy induction [11].

An involvement of AdoMet in autophagy regulation has already been demonstrated
in breast cancer cells. In MCF-7 cells, AdoMet showed a synergistic effect with chloroquine
(CQ) in the inhibition of autophagy through the targeting of the AKT/mTOR pathway [29].
Our results demonstrated that AdoMet treatment inhibited the autophagy flux in uL3AHCT
116P53~/~ cells, characterized by a high basal protective autophagy. Consistently, a re-
duction in LC3BII/I ratio and Atg7 levels, and an increase in p62 amount were found.
Since it has been demonstrated that p62 overexpression leads to caspase-8-dependent
apoptosis [51], our results suggest that inhibition of autophagy caused by AdoMet leads to
an increase of apoptosis, promoting tumor cell death.

4. Materials and Methods
4.1. Materials

PI, MTT, 2/,7’-Dichlorofluorescein (DCF), CQ, and 5-FU were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Bovine serum albumin (BSA), fetal bovine serum (FBS),
Dulbecco’s modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS), and
trypsin-EDTA were obtained from Gibco (Grand Island, NY, USA). Tissue culture dishes
were purchased from Corning (Corning, NY, USA). AdoMet was provided from New
England Biolabs, prepared in a solution of 5 mM H;SO4 and 10% ethanol, filtered, and
stored at 4 °C until use., LTR and the Annexin V-fluorescein isothiocyanate (V-FITC) Apop-
tosis Detection Kit were purchased from eBioscience (San Diego, CA, USA). Monoclonal
antibodies (mAb) to cyclin D1, cyclin E1, cyclin A2, pro-caspase 9, pro-caspase 8, poly(ADP
ribose) polymerase 1 (PARP-1), Bcl-2, Atg7, 3-actin, a-tubulin and polyclonal antibodies
(polyAb) to cyclin B1, pro-caspase 3, Bad, LC3BI/II, and p62 were purchased from Cell
Signaling Technology (Danvers, MA, USA). Horseradish peroxidase (HRP)-conjugated
goat anti-mouse (GxMu-003-DHRPX) and HRP-conjugated goat anti-rabbit (GtxRb-003-
DHRPX) secondary antibodies were obtained from ImmunoReagents. Inc., (Raleigh, NC,
USA). All buffers and solutions were prepared with ultrahigh quality water. All reagents
were of the purest commercial grade.

4.2. Cell Cultures and Drug Treatments

HCT 116P%~/~ cells and uL3AHCT 116P%*~/~, a cell line derived from HCT 116P%3~/~
cell and stably silenced for uL3 [17], were cultured at 37 °C in a 5% CO, humidified atmo-
sphere and grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, and penicillin-streptomycin 50 U/mL.
Typically, subconfluent cells were seeded into tissue culture plates and treated with 500 uM
AdoMet for 24, 48, and 72 h.

4.3. Cell Viability Assays

HCT 116P%~/~ cells and uL3AHCT 116P53~/~cells were plated in serum-containing
media in 96-well plates at the proper density. After 24 h incubation, the cells were treated
with increasing concentrations of AdoMet (from 72 to 1000 uM) for 24, 48, and 72 h. Cell
viability was assessed by adding MTT as previously reported [52]. The absorbance values
of the solution in each well were detected at 570 nm using a Bio-Rad IMark microplate
reader (Bio-Rad Laboratories, Milan, Italy). All MTT experiments were performed in
quadruplicate. Cell viability was expressed as the percentage of absorbance values in
treated samples with respect to that of the control (100%). For the treatments, AdoMet
plus 5-FU, uL3AHCT 116P%3~/~ cells were seeded at proper density in 96-multiwell plates.
After 24 h incubation, the cells were treated with different concentrations of AdoMet (from
125 to 1000 uM) and 5-FU (12.5 to 100 uM), alone or in combination, for 72 h and cell
viability was detected by the MTT assay.
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4.4. Cell Cycle Analysis

HCT 116P%~/~ cells and uL3AHCT 116P>3~/~ cells were seeded into 35 mm tissue
culture plates at a confluency about 50-60%. Then, cells were starved overnight and
treated with 500 uM AdoMet for 72 h. After treatment, the cells were harvested and
centrifuged at 400 x g for 5 min, washed once with cold PBS and stained in a PI solution as
previously reported [53]. Flow cytometric analysis was performed using a BD Accuri™ C6
flow cytometer (BD Biosciences). To evaluate cell cycle progression, PI fluorescence was
collected as FL3-A (linear scale) using ModFIT software (Verity Software House). For each
sample, at least 20,000 events were analyzed in at least three different experiments, giving
a standard deviation (SD) < 5%.

4.5. Cell Death Assay

HCT 116P%~/~ and uL3AHCT 116P%~/~ cells were seeded in 6-well plate, starved
overnight, and treated with 500 uM AdoMet for 72 h. The cells were harvested by
trypsinization and washed twice with PBS. Annexin VFITC was used in conjunction
with the vital dye PI to distinguish apoptotic (Annexin VFITC positive, PI positive) from
necrotic (Annexin VFITC negative, PI positive) cells as previously reported [54]. Briefly,
cells were re-suspended in 200 uL of Binding Buffer 1X and incubated with 5 uL. Annexin
V-FITC and 10 pL PI (20 pg/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 (BD Biosciences). For each sample,
20,000 events were recorded. Analysis was carried out by triplicate determination on at
least three separate experiments.

4.6. Determination of ROS by the 2',7'-dichlorofluorescein Diacetate (DCFH-DA) Assay

Colon cancer cells were seeded in 6-well plates at the proper density, and after 24 h
of incubation, the cells were treated with AdoMet 500 uM for 72 h. The positive control
was represented by the cells treated with menadione at the final concentration of 100 uM
for 1 h at 37 °C. After treatment, cells were stained with 10 uM DCF-DA for 30 min at
37 °C in the dark [55]. DCFH-DA can freely pass the cell membrane where it is trapped
after being hydrolyzed by intracellular esterases in a non-fluorescent compound (DCFH).
Then, DCFH can be oxidized to the fluorescent DCF by reacting with intracellular ROS.
Following incubation, cells were washed twice with PBS, trypsinized, resuspended in
PBS, and immediately analyzed with a BD Accuri™ C6 flow cytometer (BD Biosciences).
For each sample, 20,000 events were recorded. Analysis was carried out by triplicate
determination on at least three separate experiments.

4.7. LysoTracker-Red Staining

HCT 116P%~/~ and uL.3AHCT 116P%~/~ cells were seeded in a 6-well plate and
treated with 500 pM AdoMet for 48 h, using CQ as the positive control. LTR was added
to each well for 20 min at 37 °C at a final concentration of 0.1 uM in medium. The cells
were then washed with PBS and observed by fluorescence microscopy. The fluorescence
intensity of the cells was then analyzed by flow cytometry. Briefly, the cells were detached
by incubation with EDTA-trypsin, washed twice with PBS, and collected by centrifuga-
tion. For the quantitative evaluation of LTR, Flow]Jo software was used to calculate the
median fluorescence intensities (MFI) by the formula (MFI-treated /MFI-control), where
MFI-treated is the fluorescence intensity of cells treated with the various compounds and
MFI-control is the fluorescence intensity of the untreated cells. For each sample, 20,000
events were acquired. Analysis was carried out by triplicate determination on at least three
separate experiments.

4.8. Western Blot Analysis

After the treatment time, cells were harvested and protein extracts were prepared
as previously described [56]. A western blot analysis was performed as previously re-
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ported [57]. All primary antibodies were used at a dilution of 1:1000; all secondary an-
tibodies were used at a dilution of 1:5000. Blots were then developed using enhanced
chemiluminescence detection reagents ECL (Cyanagen, Bologna, Italy) and exposed to
X-ray film. All films were scanned by using Image J software (National Institutes of Health,
Bethesda, MD, USA).

4.9. Statistical Analysis

Experiments were performed at least three times with replicate samples. Data are
expressed as mean + standard deviation (SD). p-values were determined using unpaired
two-tailed Student’s t-test. * p < 0.05 was considered significant, ** p < 0.01 was considered
highly significant.

5. Conclusions

All these data led us to propose the model shown in Figure 7 in which AdoMet, by
targeting multiple pathways, overcomes the drug resistance of p53-deleted colon cancer
cells expressing low levels of uL3. In particular, AdoMet blocks cell cycle at the S phase, in-
hibits autophagy, augments ROS species, and finally triggers the activation of the apoptotic

pathway.
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Figure 7. Schematic representation of the proposed model of AdoMet effects in uL3AHCT 116P>~/~ colon cancer cells.
AdoMet treatment affected cell proliferation causing cell cycle arrest in the S phase. The inhibition of the autophagic process
and induction of ROS upon exposure to AdoMet led to activation of the caspase cascade, triggering the apoptotic pathway.
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Overall, our findings highlighted AdoMet, a naturally-occurring multifunctional sul-
fonium compound, as a potential candidate for novel therapeutic approaches to overcome
the drug resistance of colon cancer depending on p53 and uL3 status.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1422-006
7/22/1/103/s1.
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AdoMet S-adenosyl-L-methionine

MDR multidrug resistance

5-FU 5-fluorouracil

ROS reactive oxygen species

DCF-DA 2/ 7'-dichlorofluorescein diacetate
MFI median intensity fluorescence

LTR LysoTracker

CTR untreated cells

CQ chloroquine

FBS fetal bovine serum

DMEM Dulbecco’s modified Eagle’s medium
MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
PI Propidium iodide

PBS phosphate-buffered saline

Annexin V-FITC Annexin V-fluorescein isothiocyanate

References

1.  Rawla, P; Sunkara, T.; Barsouk, A. Epidemiology of colorectal cancer: Incidence, mortality, survival, and risk factors. Prz. Gas-
troenterol. 2019, 14, 89-103. [CrossRef]

2. Arruebo, M.; Vilaboa, N.; Saez-Gutierrez, B.; Lambea, J.; Tres, A.; Valladares, M.; Gonzalez-Fernandez, A. Assessment of the
evolution of cancer treatment therapies. Cancers 2011, 3, 3279-3330. [CrossRef]

3. Van der Jeught, K.; Xu, H.C.; Li, Y.J.; Lu, X.B.; Ji, G. Drug resistance and new therapies in colorectal cancer. World ]. Gastroenterol.
2018, 24, 3834-3848. [CrossRef]

4. Bertram, J.; Palfner, K.; Hiddemann, W.; Kneba, M. Overexpression of ribosomal proteins L4 and L5 and the putative alternative
elongation factor PTI-1 in the doxorubicin resistant human colon cancer cell line LoVoDxR. Eur. J. Cancer 1998, 34, 731-736.
[CrossRef]

5. Johnsson, A.; Zeelenberg, I.; Min, Y.; Hilinski, ].; Berry, C.; Howell, S.B.; Los, G. Identification of genes differentially expressed in
association with acquired cisplatin resistance. Br. . Cancer 2000, 83, 1047-1054. [CrossRef] [PubMed]

6. Zhao, Y, You, H; Liu, F; An, H.; Shi, Y; Yu, Q.; Fan, D. Differentially expressed gene profiles between multidrug resistant gastric
adenocarcinoma cells and their parental cells. Cancer Lett. 2002, 185, 211-218. [CrossRef]

7. Shi, Y.; Zhai, H.; Wang, X.; Han, Z.; Liu, C,; Lan, M.; Du, J.; Guo, C.; Zhang, Y.; Wu, K; et al. Ribosomal proteins S13 and L23
promote multidrug resistance in gastric cancer cells by suppressing drug-induced apoptosis. Exp. Cell Res. 2004, 296, 337-346.
[CrossRef] [PubMed]

8.  Russo, A.; Russo, G. Ribosomal Proteins Control or Bypass p53 during Nucleolar Stress. Int. J. Mol. Sci. 2017, 18, 140. [CrossRef]

[PubMed]


https://www.mdpi.com/1422-0067/22/1/103/s1
https://www.mdpi.com/1422-0067/22/1/103/s1
http://dx.doi.org/10.5114/pg.2018.81072
http://dx.doi.org/10.3390/cancers3033279
http://dx.doi.org/10.3748/wjg.v24.i34.3834
http://dx.doi.org/10.1016/S0959-8049(97)10081-8
http://dx.doi.org/10.1054/bjoc.2000.1420
http://www.ncbi.nlm.nih.gov/pubmed/10993653
http://dx.doi.org/10.1016/S0304-3835(02)00264-1
http://dx.doi.org/10.1016/j.yexcr.2004.02.009
http://www.ncbi.nlm.nih.gov/pubmed/15149863
http://dx.doi.org/10.3390/ijms18010140
http://www.ncbi.nlm.nih.gov/pubmed/28085118

Int. J. Mol. Sci. 2021, 22, 103 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Russo, A.; Saide, A.; Smaldone, S.; Faraonio, R.; Russo, G. Role of uL3 in Multidrug Resistance in p53-Mutated Lung Cancer Cells.
Int. ]. Mol. Sci. 2017, 18, 547. [CrossRef] [PubMed]

Pecoraro, A.; Carotenuto, P.; Russo, G.; Russo, A. Ribosomal protein uL3 targets E2F1 and Cyclin D1 in cancer cell response to
nucleolar stress. Sci. Rep. 2019, 9, 15431. [CrossRef]

Pecoraro, A.; Carotenuto, P.; Franco, B.; De Cegli, R.; Russo, G.; Russo, A. Role of uL3 in the Crosstalk between Nucleolar Stress
and Autophagy in Colon Cancer Cells. Int. |. Mol. Sci. 2020, 21, 2143. [CrossRef] [PubMed]

Russo, A.; Cirulli, C.; Amoresano, A.; Pucci, P; Pietropaolo, C.; Russo, G. cis-acting sequences and trans-acting factors in the
localization of mRNA for mitochondrial ribosomal proteins. Biochim. Biophys. Acta 2008, 1779, 820-829. [CrossRef] [PubMed]
Russo, A.; Siciliano, G.; Catillo, M.; Giangrande, C.; Amoresano, A.; Pucci, P.; Pietropaolo, C.; Russo, G. hnRNP H1 and intronic G
runs in the splicing control of the human rpL3 gene. Biochim. Biophys. Acta 2010, 1799, 419-428. [CrossRef] [PubMed]

Russo, A.; Catillo, M.; Esposito, D.; Briata, P; Pietropaolo, C.; Russo, G. Autoregulatory circuit of human rpL3 expression requires
hnRNP H1, NPM and KHSRP. Nucleic. Acids Res. 2011, 39, 7576-7585. [CrossRef] [PubMed]

Russo, A.; Maiolino, S.; Pagliara, V.; Ungaro, F; Tatangelo, F.; Leone, A.; Scalia, G.; Budillon, A.; Quaglia, F; Russo, G.
Enhancement of 5-FU sensitivity by the proapoptotic rpL3 gene in p53 null colon cancer cells through combined polymer
nanoparticles. Oncotarget 2016, 7, 79670-79687. [CrossRef]

Russo, A.; Esposito, D.; Catillo, M.; Pietropaolo, C.; Crescenzi, E.; Russo, G. Human rpL3 induces G; /S arrest or apoptosis by
modulating p21 (wafl/cip1) levels in a p53-independent manner. Cell Cycle 2013, 12, 76-87. [CrossRef]

Pagliara, V.; Saide, A.; Mitidieri, E.; d’"Emmanuele di Villa Bianca, R.; Sorrentino, R.; Russo, G.; Russo, A. 5-FU targets rpL3 to
induce mitochondrial apoptosis via cystathionine-3-synthase in colon cancer cells lacking p53. Oncotarget 2016, 7, 50333-50348.
[CrossRef]

Esposito, D.; Crescenzi, E.; Sagar, V.; Loreni, F; Russo, A.; Russo, G. Human rpL3 plays a crucial role in cell response to nucleolar
stress induced by 5-FU and L-OHP. Oncotarget 2014, 5, 11737-11751. [CrossRef]

Russo, A.; Pagliara, V.; Albano, F,; Esposito, D.; Sagar, V.; Loreni, F; Irace, C.; Santamaria, R.; Russo, G. Regulatory role of rpL3 in
cell response to nucleolar stress induced by Act D in tumor cells lacking functional p53. Cell Cycle 2016, 15, 41-51. [CrossRef]
Russo, A.; Pellosi, D.S.; Pagliara, V.; Milone, M.R,; Pucci, B.; Caetano, W.; Hioka, N.; Budillon, A.; Ungaro, F.; Russo, G.; et al.
Biotin-targeted Pluronic(®) P123/F127 mixed micelles delivering niclosamide: A repositioning strategy to treat drug-resistant
lung cancer cells. Int. ]. Pharm. 2016, 511, 127-139. [CrossRef]

Lu, S.C. S-Adenosylmethionine. Int. ]. Biochem. Cell Biol. 2000, 32, 391-395. [CrossRef]

Porcelli, M.; Ilisso, C.P.; Mosca, L.; Cacciapuoti, G. A thermostable archaeal S-adenosylmethionine synthetase: A promising tool
to improve the synthesis of adenosylmethionine analogs of biotechnological interest. Bioengineered 2015, 6, 184-186. [CrossRef]
[PubMed]

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]

Mato, ].M.; Corrales, EJ.; Lu, S.C.; Avila, M.A. S-Adenosylmethionine: A control switch that regulates liver function. FASEB .
2002, 16, 15-26. [CrossRef] [PubMed]

Fontecave, M.; Atta, M.; Mulliez, E. S-adenosylmethionine: Nothing goes to waste. Trends Biochem. Sci. 2004, 29, 243-249.
[CrossRef] [PubMed]

Lu, S.C.; Mato, ]. M. S-Adenosylmethionine in cell growth, apoptosis and liver cancer. J. Gastroenterol. Hepatol. 2008, 23 (Suppl. 1),
S73-S77. [CrossRef]

Martinez-Lopez, N.; Varela-Rey, M.; Ariz, U.; Embade, N.; Vazquez-Chantada, M.; Fernandez-Ramos, D.; Gomez-Santos, L.; Lu,
S.C.; Mato, ].M.; Martinez-Chantar, M.L. S-adenosylmethionine and proliferation: New pathways, new targets. Biochem. Soc.
Trans. 2008, 36, 848-852. [CrossRef]

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. J[SM Chem. 2017, 5, 1049.

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]

Ilisso, C.P; Delle Cave, 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]

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]

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] [PubMed]


http://dx.doi.org/10.3390/ijms18030547
http://www.ncbi.nlm.nih.gov/pubmed/28273808
http://dx.doi.org/10.1038/s41598-019-51723-7
http://dx.doi.org/10.3390/ijms21062143
http://www.ncbi.nlm.nih.gov/pubmed/32244996
http://dx.doi.org/10.1016/j.bbagrm.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18790094
http://dx.doi.org/10.1016/j.bbagrm.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20100605
http://dx.doi.org/10.1093/nar/gkr461
http://www.ncbi.nlm.nih.gov/pubmed/21705779
http://dx.doi.org/10.18632/oncotarget.13216
http://dx.doi.org/10.4161/cc.22963
http://dx.doi.org/10.18632/oncotarget.10385
http://dx.doi.org/10.18632/oncotarget.2591
http://dx.doi.org/10.1080/15384101.2015.1120926
http://dx.doi.org/10.1016/j.ijpharm.2016.06.118
http://dx.doi.org/10.1016/S1357-2725(99)00139-9
http://dx.doi.org/10.1080/21655979.2015.1045170
http://www.ncbi.nlm.nih.gov/pubmed/25932775
http://dx.doi.org/10.1016/j.jsb.2020.107462
http://www.ncbi.nlm.nih.gov/pubmed/31962159
http://dx.doi.org/10.1096/fj.01-0401rev
http://www.ncbi.nlm.nih.gov/pubmed/11772932
http://dx.doi.org/10.1016/j.tibs.2004.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15130560
http://dx.doi.org/10.1111/j.1440-1746.2007.05289.x
http://dx.doi.org/10.1042/BST0360848
http://dx.doi.org/10.1002/jcp.26015
http://dx.doi.org/10.1186/s12935-018-0697-6
http://dx.doi.org/10.1002/jcp.28000
http://www.ncbi.nlm.nih.gov/pubmed/30575033
http://dx.doi.org/10.3892/ijo.2020.5011
http://www.ncbi.nlm.nih.gov/pubmed/32319579

Int. J. Mol. Sci. 2021, 22, 103 18 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

Mosca, L.; Vitiello, E; 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. ]. Mol. Sci. 2020, 21, 8547. [CrossRef]

Ekberg, J.; Brunhoff, C.; Jaras, M.; Fan, X.; Landberg, G.; Persson, ]J.L. Increased expression of cyclin Al protein is associated with
all-trans retinoic acid-induced apoptosis. Int. J. Biochem. Cell Biol. 2006, 38, 1330-1339. [CrossRef] [PubMed]

Russo, A.; Terrasi, M.; Agnese, V.; Santini, D.; Bazan, V. Apoptosis: A relevant tool for anticancer therapy. Ann. Oncol. 2006, 17
(Suppl. 7), vii115-23. [CrossRef]

Pecoraro, A.; Pagano, M.; Russo, G.; Russo, A. Role of Autophagy in Cancer Cell Response to Nucleolar and Endoplasmic
Reticulum Stress. Int. |. Mol. Sci. 2020, 21, 7334. [CrossRef]

Galluzzi, L.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, ].M.; Cecconi, F.; Choi, A.M.; Chu, C.T.; Codogno, P.;
Colombo, M.I; et al. Molecular definitions of autophagy and related processes. EMBO ]. 2017, 36, 1811-1836. [CrossRef]
Bukowski, K.; Kciuk, M.; Kontek, R. Mechanisms of Multidrug Resistance in Cancer Chemotherapy. Int. J. Mol. Sci. 2020, 21, 3233.
[CrossRef]

Fiore, D.; Piscopo, C.; Proto, M.C.; Vasaturo, M.; Dal Piaz, E; Fusco, BM.; Pagano, C.; Laezza, C.; Bifulco, M.; Gazzerro,
P. N6-Isopentenyladenosine Inhibits Colorectal Cancer and Improves Sensitivity to 5-Fluorouracil-Targeting FBXW7 Tumor
Suppressor. Cancers 2019, 11, 1456. [CrossRef]

Carotenuto, P; Pecoraro, A.; Palma, G.; Russo, G.; Russo, A. Therapeutic Approaches Targeting Nucleolus in Cancer. Cells 2019, 8,
1090. [CrossRef]

Moyer, M.P,; Mato, ] M.; Aw, TY.; Lu, S.C. S-Adenosylmethionine and methylthioadenosine inhibit cellular FLICE inhibitory
protein expression and induce apoptosis in colon cancer cells. Mol. Pharm. 2009, 76, 192-200. [CrossRef]

Luo, J.; Li, YN.; Wang, F; Zhang, WM.; Geng, X. S-adenosylmethionine inhibits the growth of cancer cells by reversing the
hypomethylation status of c-myc and H-ras in human gastric cancer and colon cancer. Int. J. Biol. Sci. 2010, 6, 784-795. [CrossRef]
[PubMed]

Li, TW,; Yang, H.; Peng, H.; Xia, M.; Mato, ].M.; Lu, S.C. Effects of S-adenosylmethionine and methylthioadenosine on
inflammation-induced colon cancer in mice. Carcinogenesis 2012, 33, 427-435. [CrossRef] [PubMed]

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

Li, TW.; Peng, H.; Yang, H.; Kurniawidjaja, S.; Panthaki, P.; Zheng, Y.; Mato, ].M.; Lu, S.C. S-Adenosylmethionine and
methylthioadenosine inhibit 3-catenin signaling by multiple mechanisms in liver and colon cancer. Mol. Pharm. 2015, 87, 77-86.
[CrossRef] [PubMed]

John, R.R.; Malathi, N.; Ravindran, C.; Anandan, S. Mini review: Multifaceted role played by cyclin D1 in tumor behavior. Indian J.
Dent. Res. 2017, 28, 187-192. [CrossRef]

Indran, L.R.; Tufo, G.; Pervaiz, S.; Brenner, C. Recent advances in apoptosis, mitochondria and drug resistance in cancer cells.
Biochim. Biophys. Acta 2011, 1807, 735-745. [CrossRef] [PubMed]

Julien, O.; Wells, J.A. Caspases and their substrates. Cell Death Differ. 2017, 24, 1380-1389. [CrossRef] [PubMed]

Chong, S.J.; Low, 1.C.; Pervaiz, S. Mitochondrial ROS and involvement of Bcl-2 as a mitochondrial ROS regulator. Mitochondrion
2014, 19, 39-48. [CrossRef]

Kongara, S.; Karantza, V. The interplay between autophagy and ROS in tumorigenesis. Front. Oncol. 2012, 2, 171. [CrossRef]
[PubMed]

Huang, S.; Okamoto, K.; Yu, C.; Sinicrope, F.A. p62/sequestosome-1 up-regulation promotes ABT-263-induced caspase-8
aggregation/activation on the autophagosome. J. Biol. Chem. 2013, 288, 33654-33666. [CrossRef] [PubMed]

Esposito, V.; Russo, A.; Amato, T.; Varra, M.; Vellecco, V.; Bucci, M.; Russo, G.; Virgilio, A.; Galeone, A. Backbone modified TBA
analogues endowed with antiproliferative activity. Biochim. Biophys. Acta Gen. Subj. 2017, 1861 Pt B, 1213-1221. [CrossRef]
Pecoraro, A.; Virgilio, A.; Esposito, V.; Galeone, A.; Russo, G.; Russo, A. uL3 mediated nucleolar stress pathway as a new
mechanism of action of antiproliferative g-quadruplex TBA derivatives in colon cancer cells. Biomolecules 2020, 10, 583. [CrossRef]
[PubMed]

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

Pagano, C.; Siauciunaite, R.; Idda, M.; Ruggiero, G.; Ceinos, R.M.; Pagano, M.; Frigato, E.; Bertolucci, C.; Foulkes, N.S.; Vallone, D.
Evolution shapes the responsiveness of the D-box enhancer element to light and reactive oxygen species in vertebrates. Sci. Rep.
2018, 4, 13180. [CrossRef] [PubMed]

Russo, G.; Cuccurese, M.; Monti, G.; Russo, A.; Amoresano, A.; Pucci, P; Pietropaolo, C. Ribosomal protein L7a binds RNA
through two distinct RNA-binding domains. Biochem. J. 2005, 385 Pt 1, 289-299. [CrossRef]

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


http://dx.doi.org/10.3390/ijms21228547
http://dx.doi.org/10.1016/j.biocel.2006.01.011
http://www.ncbi.nlm.nih.gov/pubmed/16517207
http://dx.doi.org/10.1093/annonc/mdl963
http://dx.doi.org/10.3390/ijms21197334
http://dx.doi.org/10.15252/embj.201796697
http://dx.doi.org/10.3390/ijms21093233
http://dx.doi.org/10.3390/cancers11101456
http://dx.doi.org/10.3390/cells8091090
http://dx.doi.org/10.1124/mol.108.054411
http://dx.doi.org/10.7150/ijbs.6.784
http://www.ncbi.nlm.nih.gov/pubmed/21152119
http://dx.doi.org/10.1093/carcin/bgr295
http://www.ncbi.nlm.nih.gov/pubmed/22159228
http://dx.doi.org/10.4238/2013.April.10.6
http://dx.doi.org/10.1124/mol.114.095679
http://www.ncbi.nlm.nih.gov/pubmed/25338671
http://dx.doi.org/10.4103/ijdr.IJDR_697_16
http://dx.doi.org/10.1016/j.bbabio.2011.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21453675
http://dx.doi.org/10.1038/cdd.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28498362
http://dx.doi.org/10.1016/j.mito.2014.06.002
http://dx.doi.org/10.3389/fonc.2012.00171
http://www.ncbi.nlm.nih.gov/pubmed/23181220
http://dx.doi.org/10.1074/jbc.M113.518134
http://www.ncbi.nlm.nih.gov/pubmed/24121507
http://dx.doi.org/10.1016/j.bbagen.2016.09.019
http://dx.doi.org/10.3390/biom10040583
http://www.ncbi.nlm.nih.gov/pubmed/32290083
http://dx.doi.org/10.1038/s41419-020-03056-x
http://www.ncbi.nlm.nih.gov/pubmed/33051434
http://dx.doi.org/10.1038/s41598-018-31570-8
http://www.ncbi.nlm.nih.gov/pubmed/30181539
http://dx.doi.org/10.1042/BJ20040371
http://dx.doi.org/10.3748/wjg.v26.i34.5101

	Introduction 
	Results 
	AdoMet Inhibits Proliferation in HCT 116p53-/- and uL3HCT 116p53-/- Colon Cancer Cells 
	AdoMet Causes Cell Cycle Arrest in S Phase in uL3HCT 116p53-/- 
	AdoMet Induces Apoptosis in HCT 116p53-/- and uL3HCT 116p53-/- Colon Cancer Cells 
	AdoMet Increases ROS Production in HCT 116p53-/- and uL3HCT 116p53-/- Colon Cancer Cells 
	AdoMet Inhibits Autophagy in HCT 116p53-/- and uL3HCT 116p53-/- Colon Cancer Cells 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Cultures and Drug Treatments 
	Cell Viability Assays 
	Cell Cycle Analysis 
	Cell Death Assay 
	Determination of ROS by the 2',7'-dichlorofluorescein Diacetate (DCFH-DA) Assay 
	LysoTracker-Red Staining 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

