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Abstract: Cytosolic 5′-nucleotidase II (cN-II) is an allosteric catabolic enzyme that hydrolyzes IMP,
GMP, and AMP. The enzyme can assume at least two different structures, being the more active
conformation stabilized by ATP and the less active by inorganic phosphate. Therefore, the variation
in ATP concentration can control both structure and activity of cN-II. In this paper, using a capillary
electrophoresis technique, we demonstrated that a partial silencing of cN-II in a pulmonary carci-
noma cell line (NCI-H292) is accompanied by a decrease in adenylate pool, without affecting the
energy charge. We also found that cN-II silencing decreased proliferation and increased oxidative
metabolism, as indicated by the decreased production of lactate. These effects, as demonstrated by
Western blotting, appear to be mediated by both p53 and AMP-activated protein kinase, as most of
them are prevented by pifithrin-α, a known p53 inhibitor. These results are in line with our previous
observations of a shift towards a more oxidative and less proliferative phenotype of tumoral cells
with a low expression of cN-II, thus supporting the search for specific inhibitors of this enzyme as a
therapeutic tool for the treatment of tumors.

Keywords: cN-II; p53; AMPK; lactate; metabolic regulation

1. Introduction

Stimulation of the expression and function of tumor suppressor proteins, as well
as the inhibition of the expression or function of oncogenic proteins, represent a good
approach to identify and develop new anticancer drugs [1–4]. The proteins involved in the
tyrosine kinase receptor signaling pathway and mTOR are typically upregulated in cancer
cells to sustain rapid cell growth, while onco-suppressors such as p53 and AMP-activated
protein kinase (AMPK) are downregulated or mutated to prevent their function [1]. In
healthy cells, the high proliferation rate requires signals of high energy charge, whereas
a low energy charge activates AMPK and p53 to lower the rate of synthetic pathways
and improve metabolic performance [5,6]. Therefore, these regulatory systems require
precise information about the amount of ATP available for cellular processes at each
moment. cN-II is an allosteric protein with at least two different structures—a highly active
conformation, stabilized by interaction with ATP or other phosphorylated compounds such
as diadenosine tetraphosphate (Ap4A), and a low activity conformation, which requires
low ATP and high inorganic phosphate (Pi) concentration to be stabilized. Structural

Int. J. Mol. Sci. 2021, 22, 7004. https://doi.org/10.3390/ijms22137004 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-4785-7282
https://orcid.org/0000-0002-7005-654X
https://orcid.org/0000-0002-1344-2786
https://orcid.org/0000-0001-5227-2348
https://orcid.org/0000-0003-3948-7090
https://orcid.org/0000-0001-8133-8414
https://orcid.org/0000-0002-1075-7096
https://doi.org/10.3390/ijms22137004
https://doi.org/10.3390/ijms22137004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22137004
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22137004?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 7004 2 of 14

analysis confirmed the existence of the two distinct conformations of cN-II obtained in the
presence of allosteric effectors [7]. Oxidative stress causes the irreversible inactivation of
the enzyme [8,9]. Therefore, KM and kcat of cN-II depend on the cell energy charge and on
reactive oxygen species [8]. Many papers demonstrated that at a high energy charge, the
cN-II activity contributes to the homeostasis of IMP, GMP and AMP either directly, since
AMP is a poor substrate of the enzyme, or indirectly, hydrolyzing IMP derived from AMP
deamination [8,10]. The combined action of AMP deaminase and cN-II, both activated by
ATP, consents to eliminate the excess of purine ring as hypoxanthine or uric acid avoiding
adenosine accumulation to occur. Adenosine is an important signal which influences a
plethora of regulatory mechanisms through interaction with its receptors A1, A2a, A2b
and A3 [11]. At a low energy charge, cN-II assumes a low activity conformation leading
to IMP and AMP accumulation avoiding a dangerous depletion of purine nucleotide
precursors [12]. In this condition, adenosine can be generated by AMP hydrolysis mediated
by cN-I, an isoenzyme specific for AMP which is activated by ADP [10,13]. We have
previously demonstrated that cN-II interacts with Ice protease-activating factor (IPAF),
a protein involved in the innate immunity and inflammation, only in the conformation
determined by high energy charge [9,14]. In addition, using different techniques, more
than 40 different proteins are expected to interact with cN-II, such as proteins involved in
the regulation of protein degradation and synthesis, transcription factors, tyrosine kinase
receptors and their regulators (for a better insight see the following databases BioGRID;
IntAct-EMBL-EBI). The high number of proteins able to interact with cN-II, the extremely
high conservation of its structure during evolution, and the ubiquitous low expression
level, made attractive the hypothesis that this enzyme might possess roles independent of
its catalytic activity. Curiously, a partial silencing or a moderate over-expression of cN-II
which simulate the physiological fluctuation between high and low enzyme activity, caused
very evident effects on proliferation and metabolism [10,15,16]. Our results on tumoral cell
models in which cN-II was partially silenced demonstrated that low activity correlates with
a more oxidative phenotype, with low rate of protein synthesis, high mitochondrial content,
high antioxidant defense, with a concomitant activation of p53, but the causal relationship
was not demonstrated [8]. Furthermore, in a mice model, the knockout of the enzyme
was associated with reduced body weight also after a high-fat diet [17]. Consistently, a
single-nucleotide polymorphism in NT5C2 (the cN-II gene) was associated with a lower
tendency to accumulate adipose tissue in Japanese women [18,19]. Finally, recent reports
describe several effects of cN-II silencing, possibly through activation of AMPK both in
skeletal muscle and in human neural progenitor cells [20,21]. In this paper, we report the
effects of partial cN-II silencing in a model of lung cancer (NCI-H292), demonstrating that
cN-II silencing increases oxidative metabolism and decreases proliferation by activating
both p53 and AMPK. The cell models were silenced for cN-II by stable transfection of
shRNA-encoding plasmids as earlier described [22].

2. Results
2.1. cN-II Silencing Affects Nucleotide Content in NCI-H292 Cells

The specific activity of cN-II was measured in crude extracts of NCI-H292 cells trans-
fected with a control plasmid (pScont cells) or a cN-II-targeting shRNA plasmid (pScNII
cells). As expected, cN-II activity in pScNII cells was approximately one third of that of
control cells (pScont). The presence of pifithrin-α in the growth medium did not affect
significantly the enzyme activity (Table 1).

A comparison of the nucleotide content, determined by high performance capillary
electrophoresis (HPCE) analysis, of control and silenced NCI-H292 cells, revealed no sig-
nificant alteration of the intracellular level of IMP and GMP, the best substrate for cN-II,
whereas a significant increase of AMP (1.56 ± 0.47 vs. 0.98 ± 0.20, p = 0.0004) concentration
was observed (Figure 1A). In addition, ADP (9.68 ± 1.23 vs. 8.06 ± 0.73, p < 0.0004) and
total NAD (oxidized and reduced) (17.81 ± 0.12 vs. 14.05 ± 0.30, p < 0.0001) concentrations
increased (Figure 1B,C), whereas ATP (43.50 ± 1.76 vs. 47.11 ± 0.86, p < 0.0001) and UTP
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(5.96 ± 0.31 vs. 7.65 ± 0.26, p = 0.0045) were slightly decreased in pScNII cells (Figure 1C).
Therefore, cN-II silencing decreased the rate of purine nucleoside monophosphate degrada-
tion, leading to the accumulation of AMP and ADP that cannot be readily phosphorylated
to ATP. This caused a modest, but significant decrease of the triphosphorylated compounds
ATP and UTP. Nevertheless, the energy charge ([ATP] + 0.5[ADP])/([AMP] + [ADP] +
[ATP]) was not significantly altered, whereas the total adenylate content (AMP+ADP+ATP)
was slightly lowered in silenced cells (Figure 1D,E).

Figure 1. Effect of cN-II silencing on purine and pyrimidine nucleotide content in NCI-H292 cells.
(A) monophosphate nucleoside and NADP (NADP+ plus NADPH) content; (B) diphosphate nucleo-
side content; (C) triphosphate nucleoside and total NAD (NAD+ plus NADH) content; (D) energy
charge; (E) adenylate pool. Nucleotides were separated by HPCE as described in Materials and Meth-
ods. Results are the mean ± SD of three independent experiments and are expressed as a percentage
of peak area of each compound normalized to the protein content. Adenylate pool is expressed as the
sum of the peak area of each adenylated compound. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Table 1. cN-II activity (mU/mg) in NCI-H292 cells.

NCI-H292 Cell Line with Pifithrin-α without Pifithrin-α

pScont 2.3 ± 0.1 2.0 ± 0.2

pScNII 0.7 ± 0.03 **** 0.8 ± 0.01 ****

cN-II activity was measured as described in Methods, in cells grown both in the absence or in the presence of 10 µM
pifithrin-α. Results are the mean ± SD of three independent experiments. **** p < 0.0001 (pScNII vs. pScont).

2.2. Effect of cN-II Silencing on Proliferation of NCI-H292 Cells

In a previous paper, we demonstrated that cN-II silencing caused a decrease in the
growth rate of a lung carcinoma cell line (A549), and we advanced the hypothesis that
activation of p53 was responsible for this occurrence [8]. Similar results were obtained with
NCI-H292 cells. Indeed, at 48 and 72 h of growth, pScNII cells had a significantly lower
proliferative capacity as compared to control cells (Figure 2A). The presence in the growth
medium of pifithrin-α, a well-known p53 inhibitor [23], enhanced the negative effect of
cN-II silencing on the proliferative capacity of NCI-H292 cells (Figure 2A). In addition,
immunoblot analysis demonstrated that expression of p21, which regulates the cell cycle
progression, and is controlled by p53 [24], is higher in silenced cells, whereas the exposure
to pifithrin-α decreases the p21 expression (Figure 2B).

Figure 2. Effect of cN-II silencing on NCI-H292 cell proliferation and p21 expression. (A) NCI-H292
pScont and pScNII cell growth with or without 10 µM pifithrin-α was monitored at 0, 24, 48, and 72 h
measuring the absorbance at 596 nm of cells stained with crystal violet. Data are the mean± SD of two
experiments performed in sextuplicate. (B) The subfigures are representative images of the densitometries
shown in the bar graphs for p21. NCI-H292 pScont and pScNII cells were cultured with or without 10 µM
pifithrin-α for 48 h and expression of p21 was analyzed as described in Materials and Methods. β-actin
was used as loading control. The ratio between the intensity of the p21 and actin bands was calculated
and the results are expressed as the mean± SD of three independent experiments. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

Expression of p53 was higher in pScNII cells than in pScont cells, whereas both
intracellular concentration and phosphorylation were reduced by pifithrin-α (Figure 3A,B).
For a better understanding of the molecular mechanisms underlying the observed effect of
cN-II silencing on NCI-H292 cell proliferation, we also measured, through immunoblotting,
the expression of cyclin A2 and cyclin-dependent kinase 2 (CDK2), which are both known
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to be involved in the cell cycle progression [25]. No significant difference in the expression
of cyclin A2 and CDK2 was found in pScNII cells as compared to pScont. Consistently with
the effect exerted by pifithrin-α on NCI-H292 cell growth (Figure 2A), the p53 inhibitor
significantly reduced the expression of both proteins (Figure 3C,D).

Figure 3. Effect of cN-II silencing on expression of p53, cyclin A2 and CDK2. The subfigures are
representative images of the densitometries shown in the bar graphs for phosphorylated p53 (p53-P)
(A), total p53 (B), cyclin A2 (C) and CDK2 (D). NCI-H292, pScont and pScNII cells were cultured
with or without 10 µM pifithrin-α for 48 h and expression of the proteins was analyzed as described
in Materials and Methods. β-actin was used as loading control. The ratio between the intensity
of the different protein bands and that of actin was calculated and the results are expressed as the
mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.3. cN-II Silencing Increases Oxidative Metabolism and Thiol Content in NCI-H292 Cells

We have previously reported that, in several cell models, cN-II silencing is followed
by an increase in oxidative metabolism and of antioxidant defenses [8,9,16]. Therefore, we
measured reduced thiols in NCI-H292 cells and found that also in this cell model, they
were slightly more abundant in pScNII cells and the incubation with pifithrin-α was able
to reduce their level both in pScont and pScNII cells (Figure 4A). To assess a possible
effect of cN-II silencing on oxidative metabolism, we also measured the activity of two
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enzymes involved in glycolysis (hexokinase, Figure 4B) and Krebs cycle (citrate synthase,
Figure 4C). cN-II silenced cells displayed significant higher hexokinase and citrate synthase
activities with respect to the control cells and the pre-incubation of the cells with pifithrin-α
reverted these levels to the ones observed in pScont cells (Figure 4B,C). In order to support
a p53-dependent shift towards a more oxidative metabolism in pScNII NCI-H292 cells,
we measured the lactate production in the growth medium in the presence and absence
of pifithrin-α. The amount of lactate, measured at 24, 48, and 72 h was significantly
higher in control cells than in pScNII cells, indicating that, as previously demonstrated
in the lung carcinoma cell line A549 [8], cN-II silencing increased oxidative metabolism.
Conversely, the amount of lactate produced by pScNII cells in the presence of pifithrin-α
was significantly higher than in its absence, and at 72 h was similar to that produced by
control cells (Figure 4D).

Figure 4. Effect of cN-II silencing on enzyme activities, thiols and lactate levels in NCI-H292 cells.
(A) Thiols level; (B) hexokinase (HK); (C) citrate synthase (CS) and (D) lactate levels were assayed as
described in Materials and Methods. In (A–C), cell extracts were obtained from pScont and pScNII
cells incubated for 48 h with or without 10 µM pifithrin-α. In (D) (+) stands for “in the presence
of 10 µM pifithrin-α“. Data are the mean ± SD of three independent experiments performed in
triplicate for de determination of thiol and enzyme activities and in sextuplicate for lactate. * p < 0.05,
** p < 0.01, *** p < 0.001.
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2.4. The AMPK/mTOR Signaling Pathway Is Affected by cN-II Silencing in NCI-H292 Cells

Since the AMPK/mTOR signaling pathway plays a central role in the regulation of
cellular metabolism [26], we measured the degree of activation of these proteins both in the
absence and in the presence of pifithrin-α. Our results indicated that T172-phosphorylated
AMPK is more abundant in pScNII cells with respect to the control cells (Figure 5A),
although the expression of the protein appears unaffected by cN-II silencing (Figure 5B).
The p53 inhibitor caused a decrease of AMPK phosphorylation in pScNII cells to levels
comparable of those in pScont cells (Figure 5A).

Figure 5. Effect of cN-II silencing on the expression and activation of AMPK, Akt and m-TOR. The
subfigures are representative images of the densitometries shown in the bar graphs for AMPK-P (A), total
AMPK (B), Akt-P (C), total Akt (D), mTOR-P (E), and total mTOR (F). NCI-H292. pScont and pScNII cells
were cultured with or without 10 µM pifithrin-α for 48 h and expression of the proteins was analyzed as
described in Materials and Methods. β-actin was used as loading control. The ratio between the intensity
of the different protein bands and that of the corresponding actin was calculated and the results are
expressed as the mean± SD of three independent experiments. * p < 0.05, ** p < 0.01.
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The expression of total Akt was not affected by cN-II silencing (Figure 5D), whereas
the activated Akt (Akt-P), showed a tendency to decrease, in silenced cells compared
to the control (Figure 5C). In the presence of pifithrin-α, total Akt expression showed
a tendency to decrease (Figure 5D) whereas Akt phosphorylation increased in both cell
models. Accordingly, the activated form of mTOR (mTOR-P) showed a tendency to
decrease in pScNII cells, whereas in the presence of pifithrin-α, the expression of the
phosphorylated mTOR increased significantly in pScNII cells (Figure 5E). No significant
difference in the expression of total mTOR was observed in pScont and pScNII cells in the
presence and absence of pifithrin-α (Figure 5F).

3. Discussion

cN-II is a highly regulated enzyme catalyzing IMP, GMP, and AMP dephosphorylation,
thus potentially regulating the intracellular concentrations of purine nucleotides newly syn-
thetized or salvaged [10]. Therefore, it is not surprising that the fluctuation of its expression
or activity may influence many cellular mechanisms. In this paper, we demonstrate that the
metabolic effects exerted by cN-II partial silencing are not directly correlated with a distur-
bance of purine nucleotide pool but are mediated by the p53/AMPK signaling pathway. We
previously demonstrated that in several tumoral cell models, partial cN-II silencing caused
a decrease of the cell growth rate and motility, and an increase in oxidative metabolism and
autophagy [8,15]. Theoretically, since cN-II catalyzes the dephosphorylation of IMP and
GMP but also of AMP, all the observed effects might be due to an increase in AMP concentra-
tion in silenced cells, with the consequent activation of AMPK that exerts a positive effect on
mitochondrial proliferation and oxidative metabolism [27]. However, while the described
biological effects have been observed in many different cell models, the effect exerted by
cN-II silencing on the intracellular nucleotide concentration is more controversial. In fact, in
some cases, the intracellular purine and pyrimidine compound levels in cultured cells are
not significantly affected by cN-II silencing [15,22,28,29]. In the present paper, we describe
that cN-II silencing in a pulmonary carcinoma cell line (NCI-H292) caused a significant
increase in AMP and ADP, whereas ATP along with UTP were slightly, but significantly,
decreased. We also observed a significant increase in NAD concentration in silenced cells
thus confirming that cN-II participates in the metabolism of NAD and in the regulation
of its homeostasis [27]. After cN-II silencing in the lung carcinoma cell line A549, we pre-
viously demonstrated a significant increase in triphosphorylated and diphosphorylated
nucleoside compounds, whereas the nucleoside monophosphates remained unaffected [8].
This difference between the two cell lines might be due to a lower capacity of NCI-H292
cells to phosphorylate ADP, possibly because the cell growth medium contained 10 mM
instead of 25 mM glucose present in the A549 growth medium. In fact, when NCI-H292
cells were grown in the presence of 25 mM glucose no significant differences were measured
in nucleoside triphosphate pool [22]. Furthermore, NCI-H292 cells, after cN-II silencing, as
demonstrated in the present paper, displayed a slower growth rate, but when NCI-H292
were grown at high glucose concentration no differences in proliferation could be measured
between pScont and pScNII [22], indicating again that the availability of a consistent amount
of energy source plays an important role in determining the effects of cN-II silencing. In
pScNII NCI-H292 cells, the decrease of proliferation was accompanied by a higher p21 and
p53 protein concentration, whereas p53 phosphorylation was unaffected. The phospho-
rylation on serine-15 was reported to increase p53 stability through disruption of Mdm2
binding [30,31], therefore the increase of p53 intracellular concentration in pScNII is to be
ascribed to a strong increase of protein expression and/or to an alternative stabilization
mechanism. The mechanism by which pifithrin-α inhibits p53 activity is still elusive and
somehow dependent on cell model. Nevertheless, it was recently demonstrated that this
inhibitor is sometimes able to prevent both p53 expression and its translational modifica-
tions [32,33]. In our hands, both p53 intracellular concentration and phosphorylation in
NCI-H292 cells are inhibited by pifithrin-α as well as the expression of p21 protein, whose
gene is a target of p53. However, the p53 inhibitor was unable to revert the decrease of cell
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proliferation in cN-II silenced cells, suggesting that some toxic effect might be exerted by
pifithrin-α on silenced cells. In fact, the proliferation in the presence of the p53 inhibitor
was significantly decreased, as well as cyclin A2 and CDK2 expression level, probably in
a p53-independent manner. In line with our results, it was recently demonstrated that
pifithrin-α could not rescue cell proliferation in tumor cells treated with the disruptor of
Mdm2-p53 interaction nutlin-3. Instead, it caused a decrease in cell proliferation, whereas
the p53 inhibitor increased proliferation in primary fibroblast cultured in the same condi-
tions [33]. A reduction on cell proliferation exerted by pifithrin-α was also demonstrated in
A549 cells [34]. All the metabolic effects such as enzyme expression and lactate production
induced by cN-II silencing were reverted by the p53 inhibitor, thus the shift towards a more
oxidative phenotype of silenced cells appears to be p53-dependent. In accordance with
the described metabolic effect, AMPK was more activated in silenced cells with respect to
control cells and pifithrin-α reverted the effect. In conclusion, p53 and a consequent AMPK
activation are responsible for the changes in metabolic performances observed after cN-II
silencing in NCI-H292 cells. Even though the increase of AMP in cN-II silenced NCI-H292
cells might suggest that AMPK activation is not necessarily dependent on p53, we noticed
that the accumulation of AMP in these cells was not very pronounced and, as previously
demonstrated, was completely absent in A549 cell line in which the effects of cN-II silencing
were similar [8]. Furthermore, incubation with pifithrin-α reverted AMPK activation, which
therefore appears to be p53-dependent. Finally, it will be very interesting to find the link
between cN-II silencing and p53 activation. Since cN-II can hydrolyze AMP we may expect
that cN-II silenced cells not only accumulate AMP, but also have a reduced capacity to
release adenosine. In this respect, in a breast cancer cell line (MCF-7), an antagonist of A1
adenosine receptor has been found to cause a significant increase of p53 expression [35].
Besides, cN-II may interact with a plethora of other proteins (for details see the follow-
ing databases BioGRID; IntAct-EMBL-EBI) including enzymes, intracellular inflammatory
receptors [14], transcription factors and even tyrosine kinase receptors, presumably with
relevant regulatory functions [9]. Therefore, we suggest that the level of cN-II expression
might be relevant in determining protein-protein interactions with consequences on both
cN-II and interacting protein activities possibly interfering with mechanisms involved in
p53 expression and function. On the contrary, we failed to demonstrate that the change in
proliferation in cN-II silenced cells were p53-dependent, therefore more investigations are
required to understand the molecular mechanisms underlying this observation.

Our results are casting a new light on the function of cN-II in tumor cells and its role
in chemoresistance. cN-II overexpression was indeed associated with chemoresistance
to several drugs even those that were not substrate of enzyme hydrolyzing activity [36].
The inverse relationship between cN-II and p53 expression indicates that cells expressing
high cN-II activity are more aggressive and therefore have a lower sensitivity to the
chemotherapeutic drugs independently of the cN-II ability in decreasing the intracellular
concentration of the active drug. Moreover, mutations in cN-II codifying gene or in the
flanking sequences have been associated with a number of psychiatric and psychomotor
disturbances, including schizophrenia Parkinson’s disease and spastic paraplegia [20].
While this association is demonstrated by several reports, the causal relationship between
the lack of the protein and or of its enzyme activity and the diseases, is still waiting to
be clearly described. In this paper, we investigated the consequence of cN-II silencing as
a model of a lack of both protein and activity. Our results indicate an interesting causal
relationship between enzyme expression and p53 activation that may have dangerous
consequences in a developing organism. New experiments, both on additional cell lines
and with animal models, could be performed in order to confirm our findings.

4. Materials and Methods
4.1. Materials

Protease inhibitor cocktail, ATP, 2,3-bisphosphoglyceric acid, acetyl-CoA, ethylene-
diaminetetraacetic acid (EDTA), D-glucose, phenylmethyl sulphonyl fluoride (PMSF),
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5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), sodium fluoride, sodium orthovanadate, β-
glycerophosphate, sodium pyrophosphate, dimethylsulfoxide (DMSO), perchloric acid,
glucose-6-phosphate dehydrogenase (G6PDH), pyruvate, oxaloacetate, NADH, NADP+,
crystal violet, 2,2′-azino-di-[3-ethylbenzothiazoline-sulfonate] (ABTS), L-lactate oxidase,
horseradish peroxidase, and pifithrin-α were from Sigma (Milano, Italy); [8-14C]-inosine
was from Moravek Biochemicals and Radiochemicals (Brea, CA, USA); RPMI medium,
penicillin, streptomycin, fetal bovine serum (FBS), glutamine and trypsin were from Euro-
clone (Pero, Milan, Italy). DE-81 chromatographic paper was from Whatman (Madstone,
UK); scintillation liquid Optiphase Hisafe 2 was from PerkinElmer (Waltham, MA, USA).
Chemiluminescence Detection System and polyvinylidene fluoride (PVDF) membranes
were from Millipore (Burlington, Massachusetts, USA); primary antibodies specific for
AMPK-P (T172) (#2535) or Akt(pan) (#2920), Akt-P (Ser473) (#4060), AMPK (#2795), p53-
p(Ser15) (#9286), p53 (#2524), β-Actin (#8457), mTOR (#4517), mTOR- P(Ser2448),Cyclin
A2/#4656), CDK2 (#2546), p21 (#2947), horse radish peroxidase (HRP)-linked anti-mouse
(#7076) and anti-rabbit IgG (#7074) were from Cell Signaling (Danvers, MA, USA). All other
chemicals were of reagent grade.

4.2. Cell Culture and Cell Proliferation Assay

Mucoepidermoid pulmonary carcinoma cell lines (NCI-H292) partially silenced (pSc-
NII) with the respective control (pScont) were developed by stable transfection of shRNA
as indicated in [22]. The cell lines were routinely tested for Mycoplasma contamination
by PCR. Human NCI-H292 cells were cultured in RPMI containing 10 mM glucose, 10%
FBS, 1% glutamine, 100 U/mL penicillin and 100 U/mL streptomycin (standard medium).
The cells were cultured in an incubator with 5% CO2 at 37 ◦C. Cell proliferation assay
was performed by the crystal violet staining method [37]. Briefly, 12 h before treatment,
four 24 multi-well culture plates were seeded with 0.8 mL of standard medium containing
20,000 cells/well. When indicated, cells were exposed to 10 µM pifithrin-α and after 0, 24,
48 and 72 h of incubation, the medium was removed and the cells were stained with 0.1%
crystal violet solution in methanol for 30 min at 37 ◦C under gentle shaking. Then, the
plates were carefully washed three times in distilled water and dried. Acetic acid (0.6 mL,
10%) was added to the wells and kept 15 min at room temperature under gentle shaking.
One hundred microliters from each well were transferred into a 96 multi-well for the quan-
titative analysis by absorbance measurements at 596 nm in an automatic ultra-microplate
reader EL 808 Bio-Tek Instruments. Inc. (Winooski, VT, USA).

4.3. High Performance Capillary Electrophoresis (HPCE) Analysis

NCI-H292, pScont and pScNII cells were plated at a density of 3.3× 104/cm2 in 10 mL
medium in 100 mm diameter plates. After 12 h, medium was withdrawn and replaced with
7 mL of the same medium (3 plates for each cell type). After 48 h, plates were washed with
phosphate buffer saline (PBS), cells were trypsinized, rapidly separated from medium by
centrifugation (400× g for 5 min) and resuspended in 170 µL 1 M trichloroacetic acid (TCA).
To avoid degradation of nucleotides, samples were treated as previously described [38,39].
After three rounds of rapid freezing, pellets were separated from supernatants by cen-
trifugation (14,000× g for 1 min). One hundred and twenty µL of each supernatant was
collected and immediately back-extracted three times with 1.2 mL ether. Samples were
kept at room temperature under a chemical hood for 5 min and later stored at −20 ◦C
until needed. The protein content of the pellets previously precipitated with 1 M TCA
was determined as described by Peterson [40]. The HPCE analysis was performed on the
supernatants. All the experiments were performed using a Beckman P/ACE MDQ Capil-
lary Electrophoresis System (Pasadena, CA, USA) equipped with a diode array detector as
previously described [38]. The elution profile was followed at 254 nm.
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4.4. Quantification of Reduced Thiols

Reduced thiol level was determined following Ellman method with some modifica-
tions [41]. Cells were plated at a density of 3.3 × 104/cm2 in 7 mL of standard medium
in 100 mm diameter plates. After 12 h, medium was withdrawn and replaced either with
7 mL of the same medium (control samples, 3 plates for each cell type) or with 7 mL of
medium containing 10 µM pifithrin-α (3 plates for each cell type). After 48h, cells were
washed with PBS, trypsinized and resuspended in 100 mM Tris-HCl pH 7.4 (400 µL) in the
presence of protease inhibitor cocktail. Cell lysates were obtained by three freeze/thaw
cycles at −80 ◦C, followed by centrifugation at 10,000× g for 40 min at 4 ◦C. Sixty three µL
of the supernatant, referred to as crude extract, was added to 7 µL of 6 N perchloric acid,
strongly shacked and centrifuged 5 min at 10,000× g. For the determination of reduced
thiol content, 5 µL of deproteinized extract was added to a solution of 0.5 mM DTNB
dissolved in 1% sodium citrate, 250 µM EDTA, 250 mM sodium phosphate buffer pH 7.4
in a total volume of 700 µL. The absorbance at 412 nm was measured using a Beckman
(Pasadena, CA, USA) spectrophotometer. The reduced thiol levels were calculated using
an extinction coefficient of 13,600 M−1 cm−1.

The protein content of the crude extract was determined following the method de-
scribed by Bradford [42].

4.5. Enzymatic Assays

Cells plated and treated in the presence and in absence of 10 µM pifithrin-α as de-
scribed for quantification of reduced thiols were washed with PBS, trypsinized and resus-
pended in 400 µL of 100 mM Tris-HCl pH 7.4 in the presence of protease inhibitor cocktail,
and 10 mM NaF, 30 mM β-glycerophosphate, 10 mM sodium-pyrophosphate and 2 mM
sodium-orthovanadate as phosphatase inhibitors. Crude extract, obtained as described in
the previous paragraph was collected and protein content determined.

Hexokinase activity was measured following the method described by Gerber [43],
with some modifications. The assay was carried out by continuous spectrophotometric
monitoring the absorbance at 340 nm at 30 ◦C (extinction coefficient of 6220 M−1 cm−1).
The enzyme assay mixture contained: 50 mM Tris-Cl pH 7.4, 120 mM D-glucose, 10 mM
MgCl2, 0.6 mM ATP, 0.25 mM NADP+, 0.04 Units G6PDH and 100 µg of crude extract in a
total volume of 800 µL.

Nucleoside phosphotransferase activity of cN-II was measured by determining the
nucleoside monophosphate synthesized in the presence of the labeled nucleoside [44].
Incubations were performed at 37 ◦C in a medium containing 4.5 mM ATP, 20 mM MgCl2,
2 mM IMP, 100 mM Tris-HCl, pH 7.4, 1 mM [8-14C]-inosine (3500 dpm/nmol) and 10 µg of
crude extract in a total volume of 50 µL. The reactions were stopped by spotting 10 µL of the
incubation medium on DE-81 paper disks followed by washing 15 min in 1 mM ammonium
formate and 10 min in two changes of water. The disks were dried and placed in counting
vials filled with 8 mL of Optiphase Hisafe scintillation liquid. The enzymatic activities
were calculated from the amount of radioactive nucleoside monophosphate formed.

Citrate synthase assay was performed according to [8]. The assay was carried out by
continuous spectrophotometric monitoring of the change in absorbance of DTNB at 412 nm
at 30 ◦C (extinction coefficient of 13,600 M−1cm−1). The enzyme assay mixture contained
80 mM Tris-Cl pH 8.3, 0.05 mM acetyl-CoA, 0.5 mM oxaloacetate, 80 µM DTNB and 30 µg
of crude extract in a total volume of 800 µL.

One enzyme unit is the amount of enzyme that catalyzes the conversion of 1 µmol of
substrate/min in the described conditions.

GraphPad Prism Ver. 8 (GraphPad Software, San Diego, CA, USA) was used to
estimate the kinetic parameters, using a hyperbolic nonlinear regression analysis.

4.6. Western Blotting

Cells were plated as described in 4.2, and incubated both in the presence and in
absence of 10 µM pifithrin-α. After 48 h incubation, cells were washed with 1 mL cold
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PBS in the presence of protease inhibitor cocktail, supplemented with 1 mM PMSF, 1 mM
sodium orthovanadate, 5 mM sodium pyrophosphate, 20 mM β-glycerophosphate. The
medium was then removed, cells were scraped off and collected. Plates were then washed
with 1 mL cold PBS containing protease inhibitors and remaining cells collected and added
to the previous ones, then centrifuged at 700× g for 5 min at 4 ◦C. Supernatants were
discarded and 250 µL of lysis buffer containing 150 mM NaCl, 50 mM NaF, 0.5 mM EDTA
pH 8.0, 0.5% Triton X-100, 1 mM PMSF, 1 mM sodium orthovanadate, 5 mM sodium
pyrophosphate, 20 mM β-glycerophosphate in 25 mM Tris-Cl pH 7.4, was added. Vials
with cells and lysis buffer were then strongly shacked for 1 min and kept on ice for 10 min
prior to centrifugation at 10,000× g for 40 min at 4 ◦C. The supernatants were collected and
concentration of protein extracts was determined. Protein samples (30 µg each lane, 40 µg
for p53 protein), were resolved by 12% SDS-PAGE at 200 V for 45 min and transferred
onto PVDF membranes using Trans Blot Turbo Transfer system (Bio-Rad). Membranes
were blocked with TBSTa (50 mM Tris-HCl pH 7.5 supplemented with 150 mM NaCl,
0.1% (v/v) Tween-20 and 5% (w/v) skim milk powder) or TBSTb (50 mM Tris-HCl pH
7.5 supplemented with 150 mM NaCl, 0.1% (v/v) Tween-20 and 5% (w/v) bovine serum
albumin) for 1 h. Membranes were incubated with primary antibody overnight at 4 ◦C, then
secondary antibody was added and kept for 1 h at room temperature before visualizing
chemiluminescence of protein bands using ChemiDoc imaging system (Bio-Rad). Primary
antibodies specific for Akt (pS473) 1:1000 in TBSTb, AMPK-P (T172) 1:500 in TBSTb, p53-
P (S15) 1:500 in TBSTa, p53 1:500 in TBSTa, Akt (pan) 1:2000 in TBSTb, AMPK 1:500 in
TBSTa, Cyclin A2 1:2000 in TBSTa, CDK2 1:1000 in TBSTb, mTOR 1:1000 in TBSTa, mTOR-P
(pS2448) 1:1000 in TBSTb, p21 1:1000 in TBSTa, β-actin 1:2000 in TBSTa and HRP-linked
secondary antibodies anti-mouse and anti-rabbit IgG 1:1000 in TBSTa were used. Relative
abundance of proteins was determined using Bio Rad Image Lab version 6 software.

4.7. Lactate Concentration Measurement

The lactate concentration was determined in the medium of pScont and pScNII cells
grown as described in 4.2. In the presence and absence of 10 µM pifithrin-α. At 0, 24, 48, and
72 h incubation, 500 µL of the medium were withdrawn and centrifuged 5 min at 10,000× g.
Two µL of the supernatant was used for the assay as described by Liaud et al. [45]. The
colorimetric detection of lactate exploits two sequential oxido-reduction reactions. The
first one is the conversion of L-lactate and O2 into pyruvate and H2O2, catalyzed by the
stereospecific L-lactate oxidase. In the second reaction, catalyzed by HRP, the chromogenic
substrate ABTS is oxidized by H2O2 produced in first reaction. The oxidized ABTS absorbs
at 420 nm and dyes the reaction mixture in green. The ABTS oxidation is proportional to
L-lactate concentration which can be calculated from a standard curve of known L-lactate
concentration.

4.8. Statistical Analyses

All data are reported as the mean ± SD. Significant differences among groups were
determined using Two-way analysis of variance (ANOVA) followed by Tukey multiple
comparison test with GraphPad GraphPad Prism Ver. 8 (GraphPad Software, San Diego,
CA, USA). A p-value < 0.05 was considered to indicate statistical significance.

Author Contributions: Conceptualization, M.G.T. and R.P.; Methodology, R.P.; Software, S.A.; Inves-
tigation, R.P., M.G.-G., S.A., L.P., R.M.; Writing–Original Draft Preparation, M.G.T., M.C.; Writing–
Review & Editing, M.G.T., M.C., L.P.J., M.G.-G. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by local funding from University of Pisa (ex 60%) to S.A.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2021, 22, 7004 13 of 14

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We wish to thank Thomas Cariello for his technical assistance.

Conflicts of Interest: The authors state no conflict of interest.

References
1. Zhou, J.; Wang, J.; Chen, C.; Yuan, H.; Wen, X.; Sun, H. USP7: Target Validation and Drug Discovery for Cancer Therapy. Med.

Chem. 2018, 14, 3–18. [CrossRef]
2. Polivka, J., Jr.; Janku, F. Molecular targets for cancer therapy in the PI3K/AKT/mTOR pathway. Pharmacol. Ther. 2014, 142,

164–175. [CrossRef]
3. Dogan, F.; Biray Avci, C. Correlation between telomerase and mTOR pathway in cancer stem cells. Gene 2018, 641, 235–239.

[CrossRef]
4. Tan, F.H.; Bai, Y.; Saintigny, P.; Darido, C. mTOR Signalling in Head and Neck Cancer: Heads Up. Cells 2019, 8, 333. [CrossRef]
5. Hoxhaj, G.; Hughes-Hallett, J.; Timson, R.C.; Ilagan, E.; Yuan, M.; Asara, J.M.; Ben-Sahra, I.; Manning, B.D. The mTORC1

Signaling Network Senses Changes in Cellular Purine Nucleotide Levels. Cell Rep. 2017, 21, 1331–1346. [CrossRef] [PubMed]
6. Hardie, D.G.; Schaffer, B.E.; Brunet, A. AMPK: An Energy-Sensing Pathway with Multiple Inputs and Outputs. Trends Cell Biol.

2016, 26, 190–201. [CrossRef]
7. Wallden, K.; Stenmark, P.; Nyman, T.; Flodin, S.; Graslund, S.; Loppnau, P.; Bianchi, V.; Nordlund, P. Crystal structure of human

cytosolic 5’-nucleotidase II: Insights into allosteric regulation and substrate recognition. J. Biol. Chem. 2007, 282, 17828–17836.
[CrossRef] [PubMed]

8. Pesi, R.; Petrotto, E.; Colombaioni, L.; Allegrini, S.; Garcia-Gil, M.; Camici, M.; Jordheim, L.P.; Tozzi, M.G. Cytosolic 5’-
Nucleotidase II Silencing in a Human Lung Carcinoma Cell Line Opposes Cancer Phenotype with a Concomitant Increase in p53
Phosphorylation. Int. J. Mol. Sci. 2018, 19, 2115. [CrossRef]

9. Pesi, R.; Allegrini, S.; Balestri, F.; Garcia-Gil, M.; Cividini, F.; Colombaioni, L.; Jordheim, L.P.; Camici, M.; Tozzi, M.G. Cytosolic
5′-Nucleotidase II Is a Sensor of Energy Charge and Oxidative Stress: A Possible Function as Metabolic Regulator. Cells 2021,
10, 182. [CrossRef]

10. Tozzi, M.G.; Pesi, R.; Allegrini, S. On the physiological role of cytosolic 5′-nucleotidase II (cN-II): Pathological and therapeutical
implications. Curr. Med. Chem. 2013, 20, 4285–4291. [CrossRef]

11. Antonioli, L.; Blandizzi, C.; Pacher, P.; Hasko, G. Immunity, inflammation and cancer: A leading role for adenosine. Nat. Rev.
Cancer 2013, 13, 842–857. [CrossRef] [PubMed]

12. Ipata, P.L.; Tozzi, M.G. Recent advances in structure and function of cytosolic IMP-GMP specific 5′-nucleotidase II (cN-II).
Purinergic Signal. 2006, 2, 669–675. [CrossRef] [PubMed]

13. Garcia-Gil, M.; Camici, M.; Allegrini, S.; Pesi, R.; Tozzi, M.G. Metabolic Aspects of Adenosine Functions in the Brain. Front.
Pharmacol. 2021, 12, 672182. [CrossRef] [PubMed]

14. Cividini, F.; Tozzi, M.G.; Galli, A.; Pesi, R.; Camici, M.; Dumontet, C.; Jordheim, L.P.; Allegrini, S. Cytosolic 5′-Nucleotidase II
Interacts with the Leucin Rich Repeat of NLR Family Member Ipaf. PLoS ONE 2015, 10, e0121525. [CrossRef]

15. Cividini, F.; Cros-Perrial, E.; Pesi, R.; Machon, C.; Allegrini, S.; Camici, M.; Dumontet, C.; Jordheim, L.P.; Tozzi, M.G. Cell
proliferation and drug sensitivity of human glioblastoma cells are altered by the stable modulation of cytosolic 5′-nucleotidase II.
Int. J. Biochem. Cell Biol. 2015, 65, 222–229. [CrossRef]

16. Bricard, G.; Cadassou, O.; Cassagnes, L.E.; Cros-Perrial, E.; Payen-Gay, L.; Puy, J.Y.; Lefebvre-Tournier, I.; Tozzi, M.G.; Dumontet,
C.; Jordheim, L.P. The cytosolic 5’-nucleotidase cN-II lowers the adaptability to glucose deprivation in human breast cancer cells.
Oncotarget 2017, 8, 67380–67393. [CrossRef]

17. Johanns, M.; Kviklyte, S.; Chuang, S.J.; Corbeels, K.; Jacobs, R.; Herinckx, G.; Vertommen, D.; Schakman, O.; Duparc, T.; Cani,
P.D.; et al. Genetic deletion of soluble 5′-nucleotidase II reduces body weight gain and insulin resistance induced by a high-fat
diet. Mol. Genet. Metab. 2019, 126, 377–387. [CrossRef]

18. Hotta, K.; Kitamoto, A.; Kitamoto, T.; Mizusawa, S.; Teranishi, H.; Matsuo, T.; Nakata, Y.; Hyogo, H.; Ochi, H.; Nakamura, T.; et al.
Genetic variations in the CYP17A1 and NT5C2 genes are associated with a reduction in visceral and subcutaneous fat areas in
Japanese women. J. Hum. Genet. 2012, 57, 46–51. [CrossRef]

19. Camici, M.; Garcia-Gil, M.; Allegrini, S.; Pesi, R.; Tozzi, M.G. Evidence for a Cross-Talk Between Cytosolic 5′-Nucleotidases and
AMP-Activated Protein Kinase. Front. Pharmacol. 2020, 11, 609849. [CrossRef]

20. Duarte, R.R.R.; Bachtel, N.D.; Cotel, M.C.; Lee, S.H.; Selvackadunco, S.; Watson, I.A.; Hovsepian, G.A.; Troakes, C.; Breen, G.D.;
Nixon, D.F.; et al. The Psychiatric Risk Gene NT5C2 Regulates Adenosine Monophosphate-Activated Protein Kinase Signaling
and Protein Translation in Human Neural Progenitor Cells. Biol. Psychiatry 2019, 86, 120–130. [CrossRef]

21. Kviklyte, S.; Vertommen, D.; Yerna, X.; Andersen, H.; Xu, X.F.; Gailly, P.; Bohlooly-Y, M.; Oscarsson, J.; Rider, M.H. Effects of
genetic deletion of soluble 5′-nucleotidases NT5C1A and NT5C2 on AMPK activation and nucleotide levels in contracting mouse
skeletal muscles. Am. J. Physiol. Endoc. Metab. 2017, 313, E48–E62. [CrossRef] [PubMed]

22. Bricard, G.; Cros-Perrial, E.; Machon, C.; Dumontet, C.; Jordheim, L.P. Stably transfected adherent cancer cell models with
decreased expression of 5′-nucleotidase cN-II. Nucleosides Nucleotides Nucleic Acids 2016, 35, 604–612. [CrossRef] [PubMed]

http://doi.org/10.2174/1573406413666171020115539
http://doi.org/10.1016/j.pharmthera.2013.12.004
http://doi.org/10.1016/j.gene.2017.09.072
http://doi.org/10.3390/cells8040333
http://doi.org/10.1016/j.celrep.2017.10.029
http://www.ncbi.nlm.nih.gov/pubmed/29091770
http://doi.org/10.1016/j.tcb.2015.10.013
http://doi.org/10.1074/jbc.M700917200
http://www.ncbi.nlm.nih.gov/pubmed/17405878
http://doi.org/10.3390/ijms19072115
http://doi.org/10.3390/cells10010182
http://doi.org/10.2174/0929867311320340007
http://doi.org/10.1038/nrc3613
http://www.ncbi.nlm.nih.gov/pubmed/24226193
http://doi.org/10.1007/s11302-006-9009-z
http://www.ncbi.nlm.nih.gov/pubmed/18404470
http://doi.org/10.3389/fphar.2021.672182
http://www.ncbi.nlm.nih.gov/pubmed/34054547
http://doi.org/10.1371/journal.pone.0121525
http://doi.org/10.1016/j.biocel.2015.06.011
http://doi.org/10.18632/oncotarget.18653
http://doi.org/10.1016/j.ymgme.2019.01.017
http://doi.org/10.1038/jhg.2011.127
http://doi.org/10.3389/fphar.2020.609849
http://doi.org/10.1016/j.biopsych.2019.03.977
http://doi.org/10.1152/ajpendo.00304.2016
http://www.ncbi.nlm.nih.gov/pubmed/28325731
http://doi.org/10.1080/15257770.2016.1163375
http://www.ncbi.nlm.nih.gov/pubmed/27906612


Int. J. Mol. Sci. 2021, 22, 7004 14 of 14

23. Komarov, P.G.; Komarova, E.A.; Kondratov, R.V.; Christov-Tselkov, K.; Coon, J.S.; Chernov, M.V.; Gudkov, A.V. A chemical
inhibitor of p53 that protects mice from the side effects of cancer therapy. Science 1999, 285, 1733–1737. [CrossRef] [PubMed]

24. Simabuco, F.M.; Morale, M.G.; Pavan, I.C.B.; Morelli, A.P.; Silva, F.R.; Tamura, R.E. p53 and metabolism: From mechanism to
therapeutics. Oncotarget 2018, 9, 23780–23823. [CrossRef]

25. Eymin, B.; Gazzeri, S. Role of cell cycle regulators in lung carcinogenesis. Cell Adh. Mig. 2010, 4, 114–123. [CrossRef]
26. Wu, S.B.; Wu, Y.T.; Wu, T.P.; Wei, Y.H. Role of AMPK-mediated adaptive responses in human cells with mitochondrial dysfunction

to oxidative stress. Biochim. Biophys. Acta 2014, 1840, 1331–1344. [CrossRef]
27. Mihaylova, M.M.; Shaw, R.J. The AMPK signalling pathway coordinates cell growth, autophagy and metabolism. Nat. Cell Biol.

2011, 13, 1016–1023. [CrossRef]
28. Careddu, M.G.; Allegrini, S.; Pesi, R.; Camici, M.; Garcia-Gil, M.; Tozzi, M.G. Knockdown of cytosolic 5′-nucleotidase II (cN-II)

reveals that its activity is essential for survival in astrocytoma cells. Biochim. Biophys. Acta-Mol. Cell Res. 2008, 1783, 1529–1535.
[CrossRef]

29. Cadassou, O.; Raza, M.Z.; Machon, C.; Gudefin, L.; Armanet, C.; Chettab, K.; Guitton, J.; Tozzi, M.G.; Dumontet, C.; Cros-Perrial,
E.; et al. Enhanced migration of breast and lung cancer cells deficient for cN-II and CD73 via COX-2/PGE2/AKT axis regulation.
Cell Oncol. 2020. [CrossRef]

30. Shieh, S.Y.; Ikeda, M.; Taya, Y.; Prives, C. DNA damage-induced phosphorylation of p53 alleviates inhibition by MDM2. Cell 1997,
91, 325–334. [CrossRef]

31. Siliciano, J.D.; Canman, C.E.; Taya, Y.; Sakaguchi, K.; Appella, E.; Kastan, M.B. DNA damage induces phosphorylation of the
amino terminus of p53. Genes Dev. 1997, 11, 3471–3481. [CrossRef] [PubMed]

32. Barabutis, N.; Dimitropoulou, C.; Birmpas, C.; Joshi, A.; Thangjam, G.; Catravas, J.D. p53 protects against LPS-induced lung
endothelial barrier dysfunction. Am. J. Physiol. Lung Cell Mol. Physiol. 2015, 308, L776–L787. [CrossRef] [PubMed]

33. Zhu, J.; Singh, M.; Selivanova, G.; Peuget, S. Pifithrin-alpha alters p53 post-translational modifications pattern and differentially
inhibits p53 target genes. Sci. Rep. 2020, 10, 1049. [CrossRef] [PubMed]

34. Liu, J.S.; Chiang, T.H.; Wang, J.S.; Lin, L.J.; Chao, W.C.; Inbaraj, B.S.; Lu, J.F.; Chen, B.H. Induction of p53-independent growth
inhibition in lung carcinoma cell A549 by gypenosides. J Cell Mol Med 2015, 19, 1697–1709. [CrossRef] [PubMed]

35. Dastjerdi, M.N.; Rarani, M.Z.; Valiani, A.; Mahmoudieh, M. The effect of adenosine A1 receptor agonist and antagonist on p53 and
caspase 3, 8, and 9 expression and apoptosis rate in MCF-7 breast cancer cell line. Res. Pharm. Sci. 2016, 11, 303–310. [CrossRef]

36. Jordheim, L.P.; Puy, J.Y.; Cros-Perrial, E.; Peyrottes, S.; Lefebvre, I.; Perigaud, C.; Dumontet, C. Determination of the enzymatic
activity of cytosolic 5′-nucleotidase cN-II in cancer cells: Development of a simple analytical method and related cell line models.
Anal. Bioanal. Chem. 2015, 407, 5747–5758. [CrossRef]

37. Chiba, K.; Kawakami, K.; Tohyama, K. Simultaneous evaluation of cell viability by neutral red, MTT and crystal violet staining
assays of the same cells. Toxicol. In Vitro 1998, 12, 251–258. [CrossRef]

38. Allegrini, S.; Filoni, D.N.; Galli, A.; Collavoli, A.; Pesi, R.; Camici, M.; Tozzi, M.G. Expression of Bovine Cytosolic 5’-Nucleotidase
(cN-II) in Yeast: Nucleotide Pools Disturbance and Its Consequences on Growth and Homologous Recombination. PLoS ONE
2013, 8, e63914. [CrossRef]

39. Cividini, F.; Filoni, D.N.; Pesi, R.; Allegrini, S.; Camici, M.; Tozzi, M.G. IMP–GMP specific cytosolic 5′-nucleotidase regulates
nucleotide pool and prodrug metabolism. Biochim. Biophys. Acta 2015, 1850, 1354–1361. [CrossRef]

40. Peterson, G.L. Determination of total protein. Methods Enzymol. 1983, 91, 95–119. [CrossRef]
41. Aykac, G.; Uysal, M.; Yalcin, A.S.; Kocaktoker, N.; Sivas, A.; Oz, H. The Effect of Chronic Ethanol Ingestion on Hepatic Lipid

Peroxide, Glutathione, Glutathione-Peroxidase and Glutathione Transferase in Rats. Toxicology 1985, 36, 71–76. [CrossRef]
42. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
43. Gerber, G.; Preissler, H.; Heinrich, R.; Rapoport, S.M. Hexokinase of human erythrocytes. Purification, kinetic model and its

application to the conditions in the cell. Eur. J. Biochem. 1974, 45, 39–52. [CrossRef]
44. Tozzi, M.G.; Camici, M.; Pesi, R.; Allegrini, S.; Sgarrella, F.; Ipata, P.L. Nucleoside phosphotransferase activity of human colon

carcinoma cytosolic 5’-nucleotidase. Arch. Biochem. Biophys. 1991, 291, 212–217. [CrossRef]
45. Liaud, N.; Navarro, D.; Vidal, N.; Sigoillot, J.C.; Raouche, S. High throughput automated colorimetric method for the screening of

l-lactic acid producing microorganisms. MethodsX 2014, 1, 254–257. [CrossRef] [PubMed]

http://doi.org/10.1126/science.285.5434.1733
http://www.ncbi.nlm.nih.gov/pubmed/10481009
http://doi.org/10.18632/oncotarget.25267
http://doi.org/10.4161/cam.4.1.10977
http://doi.org/10.1016/j.bbagen.2013.10.034
http://doi.org/10.1038/ncb2329
http://doi.org/10.1016/j.bbamcr.2008.03.018
http://doi.org/10.1007/s13402-020-00558-w
http://doi.org/10.1016/S0092-8674(00)80416-X
http://doi.org/10.1101/gad.11.24.3471
http://www.ncbi.nlm.nih.gov/pubmed/9407038
http://doi.org/10.1152/ajplung.00334.2014
http://www.ncbi.nlm.nih.gov/pubmed/25713322
http://doi.org/10.1038/s41598-020-58051-1
http://www.ncbi.nlm.nih.gov/pubmed/31974452
http://doi.org/10.1111/jcmm.12546
http://www.ncbi.nlm.nih.gov/pubmed/25781909
http://doi.org/10.4103/1735-5362.189301
http://doi.org/10.1007/s00216-015-8757-4
http://doi.org/10.1016/S0887-2333(97)00107-0
http://doi.org/10.1371/journal.pone.0063914
http://doi.org/10.1016/j.bbagen.2015.03.017
http://doi.org/10.1016/s0076-6879(83)91014-5
http://doi.org/10.1016/0300-483X(85)90008-3
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1111/j.1432-1033.1974.tb03527.x
http://doi.org/10.1016/0003-9861(91)90125-3
http://doi.org/10.1016/j.mex.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26150961

	Introduction 
	Results 
	cN-II Silencing Affects Nucleotide Content in NCI-H292 Cells 
	Effect of cN-II Silencing on Proliferation of NCI-H292 Cells 
	cN-II Silencing Increases Oxidative Metabolism and Thiol Content in NCI-H292 Cells 
	The AMPK/mTOR Signaling Pathway Is Affected by cN-II Silencing in NCI-H292 Cells 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture and Cell Proliferation Assay 
	High Performance Capillary Electrophoresis (HPCE) Analysis 
	Quantification of Reduced Thiols 
	Enzymatic Assays 
	Western Blotting 
	Lactate Concentration Measurement 
	Statistical Analyses 

	References

