
Citation: Buelvas, N.; Ugarte-Vio, I.;

Asencio-Leal, L.; Muñoz-Uribe, M.;

Martin-Martin, A.; Rojas-Fernández,

A.; Jara, J.A.; Tapia, J.C.; Arias, M.E.;

López-Muñoz, R.A. Indomethacin

Induces Spermidine/Spermine-N1-

Acetyltransferase-1 via the

Nucleolin-CDK1 Axis and Synergizes

with the Polyamine Oxidase Inhibitor

Methoctramine in Lung Cancer Cells.

Biomolecules 2023, 13, 1383. https://

doi.org/10.3390/biom13091383

Academic Editors: Jose R. Bayascas

and William Cho

Received: 4 July 2023

Revised: 30 August 2023

Accepted: 31 August 2023

Published: 12 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Indomethacin Induces Spermidine/Spermine-N1-
Acetyltransferase-1 via the Nucleolin-CDK1 Axis and
Synergizes with the Polyamine Oxidase Inhibitor Methoctramine
in Lung Cancer Cells
Neudo Buelvas 1, Isidora Ugarte-Vio 1, Laura Asencio-Leal 1, Matías Muñoz-Uribe 1 , Antonia Martin-Martin 1,
Alejandro Rojas-Fernández 2, José A. Jara 3, Julio C. Tapia 4 , María Elena Arias 5

and Rodrigo A. López-Muñoz 1,*

1 Instituto de Farmacología y Morfofisiología, Facultad de Ciencias Veterinarias, Universidad Austral de Chile,
Valdivia P.O. Box 5110566, Chile

2 Instituto de Medicina, Facultad de Medicina, Universidad Austral de Chile, Valdivia P.O. Box 5110566, Chile
3 Instituto de Investigaciones en Ciencias Odontológicas (ICOD), Facultad de Odontología,

Universidad de Chile, Santiago P.O. Box 8380544, Chile
4 Programa de Biología Celular y Molecular, Instituto de Ciencias Biomédicas, Facultad de Medicina,

Universidad de Chile, Santiago P.O. Box 8380453, Chile
5 Departamento de Producción Agropecuaria, Universidad de La Frontera, Temuco P.O. Box 4811230, Chile
* Correspondence: rodrigo.lopez@uach.cl; Tel.: +56-632-444321

Abstract: Indomethacin is a non-selective NSAID used against pain and inflammation. Although
cyclooxygenase (COX) inhibition is considered indomethacin’s primary action mechanism, COX-
independent ways are associated with beneficial effects in cancer. In colon cancer cells, the ac-
tivation of the peroxisome proliferator-activated receptor-γ (PPAR-γ) is related to the increase in
spermidine/spermine-N1-acetyltransferase-1 (SSAT-1), a key enzyme for polyamine degradation, and
related to cell cycle arrest. Indomethacin increases the SSAT-1 levels in lung cancer cells; however, the
mechanism relying on the SSAT-1 increase is unclear. Thus, we asked for the influence of the PPAR-γ
on the SSAT-1 expression in two lung cancer cell lines: H1299 and A549. We found that the inhibition
of PPAR-γ with GW9662 did not revert the increase in SSAT-1 induced by indomethacin. Because
the mRNA of SSAT-1 suffers a pre-translation retention step by nucleolin, a nucleolar protein, we
explored the relationship between indomethacin and the upstream translation regulators of SSAT-1.
We found that indomethacin decreases the nucleolin levels and the cyclin-dependent kinase 1 (CDK1)
levels, which phosphorylates nucleolin in mitosis. Overexpression of nucleolin partially reverts the
effect of indomethacin over cell viability and SSAT-1 levels. On the other hand, Casein Kinase, known
for phosphorylating nucleolin during interphase, is not modified by indomethacin. SSAT-1 exerts
its antiproliferative effect by acetylating polyamines, a process reverted by the polyamine oxidase
(PAOX). Recently, methoctramine was described as the most specific inhibitor of PAOX. Thus, we
asked if methoctramine could increase the effect of indomethacin. We found that, when combined,
indomethacin and methoctramine have a synergistic effect against NSCLC cells in vitro. These results
suggest that indomethacin increases the SSAT-1 levels by reducing the CDK1-nucleolin regulatory
axis, and the PAOX inhibition with methoctramine could improve the antiproliferative effect of
indomethacin.

Keywords: polyamines; cancer; indomethacin; non-steroidal anti-inflammatory drugs

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) constitute a chemically diverse
group of molecules utilized for pain and inflammation treatment. They exert their effects
by inhibiting cyclooxygenases (COX-1 and COX-2), which are pivotal enzymes involved
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in the synthesis of prostaglandin E2 (PGE2), thromboxane A2 (TXA2), and prostacyclin
(PGI2) [1]. Apart from their anti-inflammatory properties, NSAIDs have demonstrated
antitumor and chemopreventive effects in gastrointestinal tumors [2,3]. Furthermore, they
have been associated with a negative correlation with distant metastases in prostate and
breast cancer patients [4], and perioperative NSAID use has shown a significant increase in
disease-free survival among breast and ovarian cancer patients [5]. Additionally, certain
studies suggest a moderate reduction in the risk of lung cancer associated with NSAIDs,
particularly acetylsalicylic acid [6–8].

Some of these antitumor effects are explained by the inhibition of the COX enzymes
because prostaglandins play pivotal roles in the development and growth of digestive,
breast, skin and lung cancer, among others [9]. However, the activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB), the generation of specialized pro-
resolving mediators (SPMs), and the activation of the peroxisome proliferator-activated
receptor-γ (PPAR-γ), among others, have been proposed as alternatives modes of actions
beyond COX blockade [10,11].

Indomethacin, a non-selective NSAID with the ability to inhibit both COX-1 and
COX-2, is widely used for the reduction of moderate pain and inflammation. Additionally,
its COX-independent mechanisms have been associated with beneficial effects in cancer.
For instance, indomethacin sensitizes drug-resistant tumor cells by reducing the overex-
pression of the multidrug resistance protein 1 (MRP1) [12,13]. It also induces mitochondrial
dysfunction and apoptosis in vitro [14]. Moreover, indomethacin acts as an agonist of
PPAR-γ, exhibiting similar activity to other NSAIDs like S-naproxen but with greater po-
tency compared to ibuprofen. This suggests that not all NSAIDs have equal capability to
activate this receptor [15].

Indomethacin and other NSAIDs have been found to induce the expression of an
enzyme called spermidine/spermine N1-acetyltransferase (SSAT-1) [16–19]. SSAT-1 is
encoded by the SAT1 gene and is responsible for acetylating polyamines, facilitating their
export from mammalian cells [20]. Polyamines, including putrescine, spermidine, and
spermine, are essential for various cellular processes, such as cell cycle regulation, redox
balance, immune modulation, and cell growth [21]. Elevated levels of polyamines are
observed in several tumor types, including lung cancer [22,23]. The increase in SSAT-1
leads to a decrease in intracellular polyamine levels and subsequently induces cell cycle
arrest [24]. However, mammalian cells can recover polyamines after acetylation through
the action of polyamine oxidase (PAOX), which converts acetyl-spermine to spermidine
and acetyl-spermidine to putrescine [25]. Methoctramine has recently been identified as
a highly specific inhibitor of PAOX, preventing this recovery process and enhancing the
accumulation of acetylated polyamines [26].

In colon cancer cells, certain NSAIDs, such as sulindac, induce apoptosis and suppress
carcinogenesis by activating the SAT1 gene transcriptionally. Aspirin, at therapeutic con-
centrations, can also induce SSAT-1 mRNA through transcription initiation mechanisms.
This induction leads to increased SSAT-1 levels and enzymatic activity [17]. These findings
suggest that the upregulation of SSAT-1 by various NSAIDs could play a crucial role in
chemopreventive strategies for colorectal cancer and potentially other tumor types [27].

Previously, we demonstrated that indomethacin increases SSAT-1 levels in non-small
cell lung cancer (NSCLC) cells, altering polyamine metabolism and inducing cell death [19].
However, the specific mechanisms underlying indomethacin’s effects on polyamine
metabolism are not fully understood. In this study, we present evidence suggesting that
the increase in SSAT-1 by indomethacin is associated with post-transcriptional regulators
of SSAT-1 mRNA, namely, nucleolin and Cyclin-dependent kinase 1 (CDK1 or Cell Divi-
sion Cycle protein 2 homolog, CDC2). Additionally, we propose that the PAOX inhibitor
methoctramine could enhance the effectiveness of indomethacin in NSCLC cells.
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2. Materials and Methods
2.1. Cell Culture

The human NSCLC cell lines A549 (CCL-185™) and H1299 (CRL-5803™) were pur-
chased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Both cell
ines used in this study harbor different genetic fingerprints. Whereas H1299 are null for
the p53 protein and the wild type for KRAS, A549 cells are p53 wild type and carry the
G12S mutation in the KRAS protein [28,29]. The cells were cultured in humidified air and
5% CO2 using RPMI 1640 culture media, supplemented with 10% fetal bovine serum (FBS)
and antibiotics (penicillin 100 U/mL and streptomycin 100 µg/mL). Cells were used for
≤20 passages.

2.2. Drugs and Experimental Design

Indomethacin and GW9662 were purchased from Cayman Chemical (Ann Arbor, MI,
USA), and methoctramine was purchased from SigmaAldrich (St. Louis, MO, USA). All of
the drugs were dissolved in dimethyl sulfoxide (DMSO). DMSO was pumped with nitrogen
for one minute before using it to avoid drug oxidation. Aliquots of drugs were stored
at −80 ◦C until used and discarded after the thawing. For all experiments, the maximal
concentration of DMSO in the culture medium was 0.5%, which did not influence cell
viability. For immunoblotting, the cells were exposed to the drugs for 24 h, as previously
described [19]. For the cell viability and combination studies, the cells were exposed to at
least six concentrations of each drug for 72 h, as described in the results section.

2.3. Immunoblotting

We seeded H1299 and A549 cells in six-well plates (1 × 106 cells per well) and allowed
them to attach for 24 h. Then, we added indomethacin, GW9662, or a combination of
them for 24 h. Cell lysates were prepared using PierceTM RIPA Buffer (Thermo Fisher
Scientific, Rockford, IL, USA) containing 25 mM Tris–HCl (pH 7.6), 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS), supplemented
with HaltTM Protease Inhibitor Cocktail (Thermo Fisher Scientific, Rockford, IL, USA).
Samples were placed on ice for 10 min and centrifuged for 15 min at 15,000× g. Total protein
concentration was determined using the Protein Assay Dye Reagent Concentrate (Bio-Rad
Laboratories, Hercules, CA, USA). Subsequently, 80 µg of total protein were denaturated to
95 ◦C for 5 min and resolved using 15% SDS-polyacrylamide gel electrophoresis at 25 mA.
Proteins were electrotransferred to a ProtranTM Pure Nitrocellulose Membrane 0.45 Micron
(PerkinElmer, Waltham, MA, USA) at 450 mA for 1 h. The membrane was blocked using 5%
non-fat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST, pH 7.4) for 1 h at room
temperature and washed with TBST. The membranes were incubated with the following
primary antibodies: anti-SSAT-1 (Cat #61586, Cell Signaling Technologies, Danvers, MA,
USA), anti-nucleolin (Cat #39-6400, Invitrogen, Waltman, MA, USA), anti-CDK1 (CAT
#BSM-52026R, Thermofisher-Bioss Antibodies, Woburn, MA, USA), anti-CK2 alpha-2 (Cat
#MA5-17062, Invitrogen, Waltman, MA, USA), anti-vinculin (Cat #sc-73614, Santa Cruz
Biotechnology Inc., Dallas, TX, USA), or anti-β-actin (Cat #sc-47778, Santa Cruz Biotech-
nology Inc., Dallas, TX, USA). The antibodies were used at a dilution of 1:1000 for SSAT-1,
nucleolin, CK2 and CDK1 antibodies, 1:10,000 for the vinculin antibody, or 1:2000 for the
β-actin antibody in 5% non-fat milk in 0.1% TBST at 4 ◦C overnight. The membranes
were washed with 0.1% TBST and incubated with a secondary anti-rabbit immunoglobulin
G conjugated to horseradish peroxidase (IgG-HRP) (Cat #sc-2004 1:5000) or anti-mouse
IgG-HRP (Cat #115-035-003, 1:5000) antibody in 5% milk in 0.1% TBST. Anti-rabbit IgG-
HRP antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA), and the
anti-mouse IgG-HRP was purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA). Following incubation, the membranes were washed with 0.1% TBST.
Blots were imaged using an LI-COR Odyssey® Fc immunoblot scanner (Lincoln, NE, USA).
Immunoblot quantitation was performed using the Image Studio Lite Version 5.0 (LI-COR
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Biosciences, Lincoln, NE, USA). Uncropped scans for the immunoblots are shown in the
Figure S1.

2.4. Immunofluorescence Imaging

We seeded 10,000 cells per well in black 96-well plates with a clear bottom. After
24 h, we exposed the cells to indomethacin (1 mM) or celecoxib (100 µM) for 24 h. Then,
cells were washed three times with phosphate-buffered saline (PBS) and fixed with 4% of
paraformaldehyde (PFA) for 30 min at room temperature. Cells were then washed twice
with PBS and then permeabilized with 0.2% of Triton X-100 in PBS for 30 min. The plate
was then blocked for 1 h with a FBS solution (5%) in PBS. Cells were then incubated with
anti-SSAT-1 antibody (Cat #61586, Cell Signaling Technologies, Danvers, MA, USA) at a
1:1000 dilution for 45 min at 37 ◦C. The unbounded antibody was washed three times with
PBS. An anti-rabbit linked to AlexaFluor-488 was used as the secondary antibody (Cat
#A-11034, Invitrogen®, Thermo Fisher Scientific, Rockford, IL, USA) and was incubated
for 35 min at 37 ◦C at a 1;10,000 dilution. Cells were then washed three times with PBS.
After, we incubated the cells with DAPI for 10 min in darkness, and the plate was then
washed three times with PBS, left with 100 µL of PBS, sealed and left at 4 ◦C until image
capturing. Images were acquired with a Zeiss CellDiscoverer7 automated microscope (Carl
Zeiss AG, Oberkochen, Germany). SSAT-1 was detected by using with wavelengths of
488 and 509 nm for excitation and emission, respectively, whereas DAPI was detected by
using wavelengths of 353 and 465 nm for excitation and emission, respectively.

2.5. Cell Viability Measurement

NSCLC cells were seeded in 96 wells at a density of 2.5 × 103 (for H1299 cells) or
5 × 103 (for A549 cells) cells per well. After 24 h, cells were exposed to the drugs for
96 h. Subsequently, cell viability was evaluated through incubation with resazurin for 4 h.
The production of resorufin (the fluorescent product of resazurin reduction by cells) was
measured at 560 nm (excitation) and 590 nm (emission) in a Infinity200 Pro multimode
reader (TECAN gmbH, Grödig, Austria).

2.6. Nucleolin Overexpression

We transiently overexpressed nucleolin in H1299 cells by transfecting them with
a plasmid containing the nucleolin coding sequence, which was generously provided
by Dr. Ronald T. Hay of the University of Dundee (Scotland). For transfection exper-
iments, we used the NSCLC cell line H1299. H1299 cells were cultured in RPMI1640
medium supplemented with 10% fetal bovine serum and antibiotic-antimycotic (Peni-
cillin/Streptomycin solution 100 U/mL). The transfection protocol suggested by the
LipofectamineTM 3000 provider (Invitrogen, Waltham, MA, USA) was followed. Viable
H1299 cells were seeded in 60-mm Petri dishes and allowed to adhere until reaching a
confluence of 70–80%. Then, 5.5 µg of the nucleolin-CFP plasmid were administered. One
day before transfection, 250,000 cells were plated in 3 mL of DMEM medium in 60-mm cell
culture plates (Corning, Corning, NY, USA) to ensure a 70–80% cell confluence at the time
of transfection. Transfection was then carried out in serum-free Opti-MEM medium (Ther-
moFisher Scientific, Waltham, MA, USA), for better compatibility with LipofectamineTM

3000. For each plate to be transfected, 5.5 µg of the nucleolin-CFP vector was diluted in
250 µL of serum-free Opti-MEM and mixed gently. Separately, 16.5 µL of Lipofectamine
was diluted in 250 µL of Opti-MEM. The diluted DNA was then combined with the di-
luted LipofectamineTM, mixed gently, and incubated for 15 min at room temperature. The
culture medium was removed, and 500 µL of the diluted complexes were added to the
plate and mixed gently by swirling. Subsequently, 2.5 mL of complete RPMI medium was
added, and the cells were incubated at 37 ◦C in a 5% CO2 incubator for 24 h. Finally, the
transfection efficiency was tested by evaluating nucleolin expression by Western blot at
24–72 h post-transfection.
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2.7. Drug Combination Studies

Experiments of indomethacin combined with methoctramine were conducted to eval-
uate their synergistic effects, according to the Bliss models [30]. Viability was evaluated
at 96 h through resazurin reduction, and data were analyzed using the COMBENEFIT
software (Ver. 2.02) [31].

2.8. Statistical Analyses

For the western blotting studies, data were analyzed using the GraphPad Prism
software (V 9.0, GraphPad Software, San Diego, CA, USA). One-way analysis of variance
was performed to compare groups. Dunnett’s post-test was used to compare data with
the control group, while Tukey’s post-test was used to perform comparisons between
all experimental groups. The combination studies were evaluated using the t-test to
compare differences between the theoretical model of Bliss and the obtained data. For all
comparisons, a p < 0.05 denoted statistical significance.

3. Results
3.1. Indomethacin Increases the SSAT-1 Protein Levels, Independent of the Activation of PPAR-γ

We have previously reported that indomethacin increased the mRNA levels of SAT1
and the SSAT-1 protein levels in H1299 and A549 lung cancer cells [19]. Here, we confirm
in a new set of experiments that indomethacin increases the SSAT-1 protein levels in
5.7 ± 3.37-fold at 0.5 mM (p = 0.173) and 10.6 ± 4.03-fold at 1 mM (p = 0.014) in H1299 cells
(Figure 1A,B). As indomethacin can acts as an agonist of PPAR-γ [15], we seek whether
an inhibitor, GW9662 (10 µM), may reverse its effect. As observed, this increase was not
reversed by the PPAR-γ inhibitor GW9662 (INDO: 2.59 ± 1.28, p = 0.109; INDO + GW9662:
3.49 ± 0.94, p = 0.0154; GW9662: 1.08 ± 0.45, p = 0.999), suggesting that the PPAR-γ
activation is not the unique factor that influences the increase in the SSAT-1 protein levels
in H1299 cells (Figure 1C,D). Of note, GW9662 was also unable to revert the cytotoxic effect
of indomethacin over the NSCLC cell line H1299 (Figure 1E).
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Figure 1. Effect of indomethacin on the spermidine/spermine-N1-acetyltransferase-1 (SSAT-1) levels
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(10 µM) for 24 h. The levels of SSAT-1 were evaluated by immunoblotting. (A) Representative blot of
the SSAT-1 protein levels in H1299 cells exposed to indomethacin (0.5 and 1 mM). (B) Quantitation
of the SSAT-1 levels in H1299 cells exposed to indomethacin (1 mM). (C) Representative blot of
the SSAT-1 protein levels in H1299 cells exposed to indomethacin 1 mM and the PPAR-γ inhibitor
GW9662 (10 µM). (D) Quantitation of the SSAT-1 levels in H1299 cells exposed to indomethacin
(1 mM). (E) Cell viability of H1299 after 96 hrs. of exposition to indomethacin alone, or in presence of
GW9662 (10 µM). Panel (B,D) show relative expression levels that were normalized using the control
value from each individual replicate. *: p < 0.05, compared with control, calculated using one-way
ANOVA and Dunnet’s post-test. Data summarize the results of three independent experiments.
Original Images can be found in Figure S1.

3.2. The Increment in SSAT-1 Levels Correlates with a Decrease in Nucleolin in Lung Cancer Cells
Exposed to Indomethacin

It has been described that nucleolin exerts a pivotal regulation of the SSAT-1 translation
by direct binding to the SSAT-1 mRNA. Consequently, a reduction of nucleolin by siRNA
increases the SSAT-1 protein expression [32]. Therefore, we assessed if increased SSAT-1
after indomethacin exposure could be associated with a reduction of nucleolin levels. First,
we evaluated the nucleolin and SSAT-1 levels in NSCLC cells treated with indomethacin.
As expected, we confirmed the increased SSAT-1 levels in both H1299 and A549 cells
by immunofluorescence microscopy (Figure 2A,D). Notably, cells without indomethacin
showed low expression and nuclear localization of SSAT-1. After indomethacin 1 mM
exposure for 24 h, nuclear spots of SSAT-1 become more intense, and SSAT-1 appears with
great intensity in the cytoplasm.

In addition, H1299 and A549 cells were exposed to 1 mM indomethacin for 24 h,
and then SSAT-1 and nucleolin levels were evaluated by immunoblotting. In H1299,
indomethacin led to a significantly increases of the SSAT-1 protein levels at 1 mM (INDO
1 mM: 2.5 ± 0.4-fold over the control; p = 0.0016) and decreases in the nucleolin protein
levels (INDO 1 mM: 0.13 ± 0.06, compared with control; p < 0.0001, Figure 2B,C). The same
effect of 1 mM indomethacin was observed in A549 cells. Indomethacin also significantly
increases the levels of SSAT-1 at 1 mM (INDO 1 mM: 7.9 ± 4.8-fold over the control;
p = 0.0441), decreasing, at the same time, the levels of nucleolin (INDO 1 mM: 0.17 ± 0.17,
compared with control; p = 0.0018, Figure 2E,F). This result suggests a novel nucleolin-
dependent mechanism behind increased SSAT-1 after indomethacin exposure.

3.3. Indomethacin Decreases the CDK1 Protein Levels in Lung Cancer Cells

Nucleolin function is regulated by two protein kinases, namely, the casein kinase (CK2)
and the cyclin-dependent kinase 1 (CDK1) [33], whereas CK2 phosphorylates nucleolin
at six different residues of its N-terminal [34] and CDK1 phosphorylates nucleolin at the
Thr-641/707 residues, increasing its stability during mitosis [35]. It has also been noted that
600 µM indomethacin significantly reduces the CDK1 levels in colon cancer cells [36].

To address whether indomethacin affects these upstream nucleolin regulators, we
evaluated the protein levels of CK2 and CDK1 after exposure to indomethacin for 24 h by im-
munoblotting. CDK1 levels decreased significantly in both lung cancer cell types. In H1299,
CDK1 levels decreased to approximately 15% at 1 mM indomethacin (CDK1 = 0.15 ± 0.14,
p = 0.0017 compared with control). In A549 cells, 0.5 and 1 mM indomethacin reduced signifi-
cantly the CDK1 levels approximately to 7% and 3%, respectively (INDO 0.5 = 0.069 ± 0.062
and INDO 1 mM = 0.028 ± 0.026, p < 0.0001, for both treatments compared with control).
However, CK2 levels remained unchanged after indomethacin exposure in both H1299 and
A549 cells (Figure 3A,C,D,F). Although CK2 remains unaltered, it seems that its activity is
not important as an indomethacin mediator because inhibition of CK2 with CX-4945 did
not revert the effect of indomethacin over SSAT-1 levels or the cell viability. Overall, these
results suggest that CDK1 down-regulation by indomethacin in lung cancer cells leads to a
decrease in nucleolin levels and ultimately increases SSAT-1.
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Figure 2. Effect of indomethacin on the spermidine/spermine-N1-acetyltransferase-1 (SSAT-1) and
nucleolin levels in lung cancer cell lines. H1299 and A549 cells (non-small cell lung cancer) were
exposed to indomethacin 0.5 and 1 mM for 24 h. (A) SSAT-1 detection by immunofluorescence
microscopy in H1299 cells exposed to 0.5 mM indomethacin. DAPI was used for staining the
nuclei. (B) Representative blot of the SSAT-1 and nucleolin protein levels in H1299 cells exposed
to indomethacin. (C) Quantitation of the SSAT-1 and nucleolin levels in H1299 cells exposed to
indomethacin. (D) SSAT-1 detection by immunofluorescence microscopy in A549 cells exposed to
0.5 mM indomethacin. DAPI was used for staining the nuclei. (E) Representative blot of the SSAT-1
and nucleolin protein levels in A549 cells exposed to indomethacin (F) Quantitation of the SSAT-1 and
nucleolin levels in A549 cells exposed to indomethacin. For (A,D) panels, white arrows show nuclear
spots of SSAT-1 (SSAT-1 images) and cytosolic expression of SSAT-1 (merge panels). Panel (C,F) show
relative expression levels that were normalized using the control value from each individual replicate.
*: p < 0.05; **: p < 0.01; ****: p < 0.0001, compared with control, calculated using one-way ANOVA and
Dunnet’s post-test. Data summarize the results of three independent experiments. Original Images
can be found in Figure S1.
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Figure 3. Effect of indomethacin on the Cdk1 and CK2 levels in lung cancer cell lines. H1299 and A549
cells (non-small cell lung cancer) were exposed to indomethacin 0.5 and 1 mM for 24 h. CDK1 and
CK2 were detected by immunoblotting. (A) Representative blots of the CDK1 and CK2 protein levels
in H1299 cells exposed to indomethacin. (B) Quantitation of the CDK1 levels in H1299 cells exposed
to indomethacin. (C) Quantitation of the CK2 levels in H1299 cells exposed to indomethacin. (D) Rep-
resentative blot of the SSAT-1-1 and nucleolin protein levels in A549 cells exposed to indomethacin.
(E) Quantitation of the CDK1 levels in A549 cells exposed to indomethacin. (F) Quantitation of the CK2
levels in H1299 cells exposed to indomethacin. Panel (B,C,E,F) show relative expression levels that were
normalized using the control value from each individual replicate. **: p < 0.01; ****: p < 0.0001, compared
with control, calculated using one-way ANOVA and Dunnet’s post-test. Data summarize the results of
three independent experiments. Original Images can be found in Figure S1.

3.4. Nucleolin Prevent the Increase in SSAT-1 and Partially Revert the Effect of Indomethacin

To investigate the causal relationship between the effects of indomethacin, the increase
in SSAT-1 levels, and the levels of nucleolin, we conducted an overexpression experiment
of the nucleolin protein in H1299 cells using a nucleolin-CFP (cyan fluorescent protein)
system. The overexpression of the protein was confirmed through immunoblotting, where
the nucleolin antibody identified two bands: one corresponding to the native nucleolin
and the other, with a higher molecular weight, corresponding to the nucleolin tagged
with CFP (Figure 4A). Additionally, fluorescence microscopy was performed to visualize
the fluorescence emitted by the CFP tag in the transfected cells (Figure 4B). Interestingly,
the cells overexpressing the nucleolin-CFP protein did not exhibit an increase in SSAT-1
levels upon indomethacin treatment (Figure 4C,D). Moreover, the impact of indomethacin
on cell viability was partially but significantly reversed in the cells overexpressing the
nucleolin-CFP protein (Figure 4E).

3.5. Indomethacin Has a Synergistic Effect on Cell Viability When Combined with a Selective
Polyamine Oxidase Inhibitor

The acetylated polyamines generated by SSAT-1 could be reconverted to non-acetylated
polyamines by the activity of the polyamine oxidase enzyme (PAOX) [37]. We previously
reported a slight synergistic effect on cell viability between indomethacin and MDL72527,
a non-specific inhibitor for PAOX and the spermine oxidase enzyme (SMOX), with a low
affinity for PAOX [19]. Recently, methoctramine was described as a potent inhibitor of
PAOX, 120-fold more selective for PAOX than SMOX [26].

Thus, to further address whether selective PAOX inhibition potentiates the SSAT-1
increase, we evaluated the combined effect of eight concentrations of indomethacin and
methoctramine over the viability of H1299 and A549 cells after 96 h of exposure to both
drugs at eight concentration dilutions as well as combinations between them. The results
are shown in Figure 5. There was no difference between H1299 and A549 cells in the
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sensitivity to indomethacin and methoctramine, with methoctramine being more potent in
both types of lung cancer cells (Figure 5A,B,E,F). The combination was analyzed using Bliss
independence model because it better describes the combination of drugs with different
modes of action [38]. The combination showed a more potent synergy profile in H1299 cells,
with a significant synergy spot when 12.5 µM methoctramine is used together with 31.3 µM
indomethacin (Figure 5C,D). In this combination point, a significant increase of 30% in cell
death is found compared to the predicted additive model. A slight antagonistic effect (14%
of cell viability over the predicted effect) was also detected when 200 µM methoctramine
was used (Figure 5D). On the other hand, two zones of slight synergy were found in A549
cells. The first one was shown with methoctramine in the low concentration range (1.6 to
12.5 µM) and indomethacin middle range (31.3 to 125 µM) with a cell death near to 15%
over the predicted model. The second synergy zone was observed when methoctramine
was used at 200 µM (12 to 15% of lethality increased). A slight spot of antagonism (1% of
cell viability over the predicted Bliss model) was found with the combination of 50 µM
methoctramine with 7.8 µM indomethacin (Figure 5G,H).
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Figure 4. Overexpression of nucleolin reverses the effect of indomethacin over spermidine/spermine-
N1-acetyltransferase-1 (SSAT-1) levels and cell viability. H1299 cells were transfected with a Nucleolin-
CFP (Cyan Fluorescent Protein) expressing vector and exposed to indomethacin. (A) Immunoblot
of nucleolin in H1299 cells transfected with nucleolin-CFP vector. White arrow shows the nucleolin
protein that carry the CFP. (B) Fluorescence microscopy showing the CFP fluorescence in transfected
H1299 cells. (C) Representative blot of the SSAT-1 protein levels in H1299 cells transfected with the
nucleolin-CFP vector and exposed to indomethacin 1 mM for 24 h. (D) Quantitation of the SSAT-1
levels in H1299 cells ells transfected with the nucleolin-CFP vector and exposed to indomethacin
1 mM for 24 h. Relative expression levels that were normalized using the control value from each
individual replicate. *: p < 0.05; compared with untreated control, calculated using one-way ANOVA
and Dunnet’s post-test. (E) Cell viability of H1299 cells transfected with the nucleolin-CFP vector and
exposed to indomethacin 1 mM for 96 h. ***: p < 0.001 and ****: p < 0.0001, compared with the control
at the same indomethacin concentration, calculated using two-way ANOVA. Data summarize the
results of three independent experiments. Original Images can be found in Figure S1.
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Figure 5. Effect of Indomethacin combined with methoctramine on the viability of NSCLC cells.
The effect of the combination of indomethacin with methoctramine on cell viability was measured
by resazurin reduction assay. H1299 and A549 cells were exposed to the different drugs for 96 h.
For drug combinations, two-fold dilution series, comprising eight concentrations, were mixed in
every possible combination. Effects matrices were plotted using COMBENEFIT software, which
builds an XYZ model of the combination, using the effect of each drug alone and the Bliss model
of drug additivity. (A,B) Concentration-response curves for indomethacin and methoctramine in
H1299 cells. (C,D) Heatmaps in 3D (C) and the statistical analysis (D) showing the synergistic effect
between indomethacin and methoctramine in H1299 cells. (E,F) Concentration-response curves for
indomethacin and methoctramine in H1299 cells. (G,H) Heatmaps in 3D (G) and the statistical
analysis (H) showing the synergistic effect between indomethacin and methoctramine in H1299 cells.
Differences between the theoretical combinations and empirical data are represented by a number
generated for every combination point. Positive numbers represent synergistic combinations, while
negative numbers indicate antagonistic interactions. The color code shows combination points that
are significantly different from the theoretical model, calculated by the t-test. * p < 0.05; ** p < 0.01
and *** p < 0.001. The graphs show the mean ± standard deviation of four independent experiments.

4. Discussion

Despite the primary mechanism related to the NSAID effect being the inhibition of the
COX-1 and COX-2 enzymes [39], other action mechanisms are also described for this family
of drugs. For example, aspirin and ibuprofen inhibit transcription factors such as NF-κB and
Activator Protein-1 (AP-1), modifying other kinase activities, such as Inhibitor Of Nuclear
Factor Kappa B Kinase Subunit Beta (IKKß), Erk, p38, mitogen-activated protein kinase
(MAPK), and o Cyclin-dependent kinases (Cdks) [40]. Consequently, all NSAIDs could
not share all these action mechanisms. For example, PPAR-γ is activated by indomethacin,
ibuprofen, and naproxen, but not for sodium salicylate or aspirin [40]. Furthermore, among
these PPAR-γ activators, indomethacin has a greater affinity for PPAR-γ than ibuprofen
or naproxen [15]. On the other hand, the SSAT-1 increase induced by aspirin is associated
with the NFκB activation in colon cancer cells [16], in contrast to the evidence indicating
that aspirin act as an NFκB inhibitor [40]. Of note, aspirin can also inhibit CDK1 by
acetylation [41]. Thus, it cannot be ruled out that the induction of SSAT-1 by aspirin is also
related to CDK1 inhibition.
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Other NSAIDs also have PPAR-γ-related antitumor activity. Sulindac, an NSAID that
induces SSAT-1 in colon cancer cells via PPAR-γ [18], requires this PPAR-γ activity for its
antitumor activity in colon cancer models [42]. Celecoxib, a selective COX-2 inhibitor, exerts
its ant-inflammatory effect in a PPAR-γ-dependent way in vivo [43]. GW9662 (a PPAR-γ
inhibitor) also reverts the apoptotic effect of celecoxib in lung cancer cells [44].

Nucleolin is a highly-conserved phosphoprotein located in the nucleolus, and it is
involved in rRNA biogenesis, apoptosis regulation, intestinal cell differentiation, and the
remodeling of nucleosomes [33]. Downregulation or inhibition of nucleolin yields cell cycle
arrest of cell death in several cancer models [45–47]. However, the turnover mechanisms
are unknown. To date, nucleolin has been said to exert self-cleavage [48] and that this self-
cleavage activity is reduced in proliferating cells [49]. However, the mechanisms behind
the induction of nucleolin cleavage remain to be solved.

Nucleolin has been proposed as a target for radio- or chemotherapy due to its role
in replication stress induced by DNA damage [50]. Nucleolin is differentially phospho-
rylated during the cell cycle. During mitosis, threonine phosphorylation is achieved by
CDK1, whereas serine phosphorylation by CK2 is extensive during the interphase [51]. In
lung cancer cells (A549) phosphorylation of nucleolin in T76 is pivotal for proliferation
and migration [52]. Thus, a reduction of CDK1 by indomethacin could lead to a lack of
nucleolin phosphorylation at Thr-641/707, inducing nucleolin degradation and allowing
the translation of the SSAT-1 mRNA (Figure 6).

The CDK1/CDK2 inhibitors puruvanol A and roscovitine induce cell death in colon
cancer cells and increase SSAT-1 levels. Moreover, the blockade of SSAT-1 by using an anti-
SSAT-1 siRNA abolishes the apoptotic effect of roscovitine [53]. Puruvanol A also increases
the SSAT-1 and PAOX levels in breast cancer cells [54]. However, the induction of SSAT-1 by
this CDK1/CDK2 inhibitor seems to also be dependent on the PPAR-γ activity [55]. Thus,
it cannot be ruled out that transcriptional and translational mechanisms can cooperate to
increase the SSAT-1 levels by indomethacin.

Figure 6 shows a proposed model where indomethacin has a dual activity, activating
PPAR-γ and decreasing nucleolin levels, and generating a transcriptional and translational
increase in SSAT-1. This activity could be enhanced by inhibiting the PAOX enzyme,
yielding a synergistic effect against lung cancer cells.
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allowing the increase in SSAT-1 synthesis. Methoctramine also inhibits the polyamine oxidase (PAOX)
enzyme, increasing the effect of SSAT-1 and having a synergistic effect with indomethacin. The
increased acetylated polyamines can be further exported from the cell by the solute carrier 3 family
member 2 (SLC3A2) transporter [56]. Figure designed with Biorender.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom13091383/s1, Supplementary Figure S1: Full scan (uncropped)
immunoblots for figures 1, 2, 3 and 4. Original Images can be found in Figure S1.
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