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Abstract

MdmX overexpression contributes to the development of cancer by inhibiting tumor suppres-
sor p53. A switch in the alternative splicing of MdmX transcript, leading to the inclusion of
exon 6, has been identified as the primary mechanism responsible for increased MdmX pro-
tein levels in human cancers, including melanoma. However, there are no approved drugs,
which could translate these new findings into clinical applications. We analyzed the anti-mela-
noma activity of enoxacin, a fluoroguinolone antibiotic inhibiting the growth of some human
cancers in vitro and in vivo by promoting miRNA maturation. We found that enoxacin inhibited
the growth and viability of human melanoma cell lines much stronger than a structurally
related fluoroquinolone ofloxacin, which only weakly modulates miRNA processing. A micro-
array analysis identified a set of miRNAs significantly dysregulated in enoxacin-treated A375
melanoma cells. They had the potential to target multiple signaling pathways required for can-
cer cell growth, among them the RNA splicing. Recent studies showed that interfering with cel-
lular splicing machinery can result in MdmX downregulation in cancer cells. We, therefore,
hypothesized that enoxacin could, by modulating miRNAs targeting splicing machinery, acti-
vate p53 in melanoma cells overexpressing MdmX. We found that enoxacin and ciprofloxacin,
a related fluoroquinolone capable of promoting microRNA processing, but not ofloxacin,
strongly activated wild type p53-dependent transcription in A375 melanoma without causing
significant DNA damage. On the molecular level, the drugs promoted MdmX exon 6 skipping,
leading to a dose-dependent downregulation of MdmX. Not only in melanoma, but also in
MCF7 breast carcinoma and A2780 ovarian carcinoma cells overexpressing MdmX.

Together, our results suggest that some clinically approved fluoroquinolones could
potentially be repurposed as activators of p53 tumor suppressor in cancers overexpressing
MdmX oncoprotein and that p53 activation might contribute to the previously reported activ-
ity of enoxacin towards human cancer cells.
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Introduction

Several key tumor suppressor pathways are inactivated during the development of most, if not
all, human cancers. A prime example of such frequently inactivated tumor suppressor is p53,
an important regulator of cellular responses to stress stimuli, such as hypoxia, DNA damage,
oncogene activation, telomere shortening or metabolic stress [1]. Its function is commonly
lost in cancers by mutations in the p53 gene or by overexpression of cellular inhibitory proteins
Mdm?2 and MdmX (also known as Mdm4 or HdmX) that cooperate to inhibit p53-mediated
transcription by binding to its transactivation domain and by targeting p53 for proteasomal
degradation [2]. Mdm2 and MdmX are essential for keeping p53 activity low in normal
untransformed and unstressed cells, but their overexpression is estimated to contribute to the
loss of p53 activity in up to two million cancer cases worldwide every year [3]. MdmX has
been identified as a key therapeutic target in malignant melanoma, with MdmX protein levels
increased in over sixty per cent of tumors [4]. There are other cancers with a known or sus-
pected role of MdmX overexpression in tumor development or progression, such as, for exam-
ple, retinoblastoma [5,6], breast carcinoma [7,8], or chronic lymphocytic leukemia (CLL) [9].
A recent study showed that a switch in alternative splicing of MdmX transcript is primarily
responsible for increased MdmX protein levels in cancer cells, including melanoma [10]. Nor-
mal adult tissues produce MdmX-S isoform as a result of exon 6 skipping that is targeted by the
nonsense-mediated mRNA decay pathway, while enhanced exon 6 inclusion leads to the
expression of full-length MdmX in a significant number of human cancers. Intriguingly, anti-
sense oligonucleotide-mediated skipping of exon 6 decreased MdmX abundance, inhibited
melanoma growth, and enhanced sensitivity to BRAF inhibitors in human melanoma cell lines
and melanoma patient-derived xenografts [10]. Other studies also suggested the importance of
alternative splicing of MdmX as the ratio between the short MdmX-S isoform and the full-length
MdmX transcript strongly correlated with MdmX protein levels and could serve as a prognostic
marker in osteosarcoma, breast carcinoma and CLL [11-13]. Unfortunately, currently, there
are no small molecule compounds approved for use in humans or advanced in clinical testing,
which could help to translate these recent findings into clinical therapeutic use quickly.
MicroRNAs (miRNAs) are small non-coding RNAs that can regulate gene expression by
inducing cleavage of their target mRNAs or by inhibiting their translation [14]. Human cancers
commonly exhibit global downregulation of microRNA expression, and restoration of normal
microRNA levels might, therefore, represent an attractive approach in cancer therapy [15-17].
Small molecule fluoroquinolone drug enoxacin was able to effectively restore TARBP2-me-
diated miRNA processing in a panel of cancer cell lines from several common malignancies and
had a cancer-specific inhibitory effect on cell growth both in vitro and in vivo [18,19]. In this
study, we analyzed the response of malignant melanoma cells to enoxacin and other clinically
approved fluoroquinolones. We present data suggesting that enoxacin and ciprofloxacin can
efficiently promote MdmX exon 6 skipping, downregulate MdmX protein levels, and activate
the p53 pathway not only in melanoma but also in other types of cancer overexpressing MdmX.

Materials and methods

Cell culture and treatments

The human cancer cell lines A375, Mel-Juso, Mel-Ho, IPC298, H1299, A2780, and MCF7
(obtained from ECACC, DSMZ, and ATCC) were cultured at 37°C and 5% CO, in RPMI-
1640 medium (Sigma-Aldrich), supplemented with 10% fetal bovine serum, 2mM L-gluta-
mine, 100 IU/mL penicillin and 100 ug/mL streptomycin. The AmpFLSTR®) Identifiler®
PCR Amplification Kit (Life Technologies) was used to verify the identity of the cell lines. The
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MCF7-DDp53 and A375-DDp53 cell lines stably overexpressing a dominant-negative trun-
cated mouse p53 protein have been described previously [20,21]. The fluoroquinolone antibi-
otics used in this study (enoxacin, ciprofloxacin, and ofloxacin) were purchased from Sigma-
Aldrich. DNA-damaging drugs doxorubicin and etoposide were purchased from Sigma-
Aldrich and Enzo Life Sciences, respectively.

Analysis of MdmX alternative splicing

Total RNA was isolated using RNA Blue (Top-Bio) according to the manufacturer’s instruc-
tions. RNA quantity was assessed on NanoDrop 1000 (Thermo Scientific). Consequently, 1 ug
of RNA was transcribed into cDNA in the total volume of 20 pl with oligo-(dT);5 primer and
Transcriptor Reverse Transcriptase (Roche). Semi-quantitative was performed PCR performed
using MyFi Mix'™ (Bioline), and PCR products were run on 2.5% agarose gel and visualized
with GoodView nucleic acid stain (Ecoli). PCR conditions, including cycle number and an-
nealing temperature, were optimized for each set of primers. The PCR reactions were carried
out in a total volume of 20 pl and consisted of 35 cycles of 25 s denaturation step at 95°C, 30 s
primer annealing (49°C for MdmX primers 1 and 58°C for MdmX primers 2), and 20 s poly-
merization step at 72°C. The following sets of PCR primers were used (primer sequences in 5’-
3¢ orientation): MdmX primers 1 (F1 GCAGTTTCTTCACTACCA,R1 AGCCTAGATGTTTC
ATCTTG) [22], MdmX primers 2 (F2 TGTGGTGGAGATCTTTTGGG, R2 GCAGTGTGGGG
ATATCGT) [10], and GAPDH primers (forward AATCCCATCACCATCTTCC, reverse ATGA
GTCCTTCCACGATACC) [11]. PCR amplification of GAPDH served as a loading control. To
determine the nature of the additional band in RT-PCR reactions with MdmX primers 2, A375
and MCF7 cells were transfected with a mixture of MdmX-specific siRNAs (siRNA1 5-AUG
CAU ACA UUC UAG AGA ATT-3', siRNA2 5-GGA AGG AUU GGU AUU CAG ATT-3) using
X-tremeGENE siRNA Transfection Reagent (Sigma-Aldrich) and were analyzed 24 hours
later.

Western blotting

Cells were washed with PBS and lysed in 2x Laemli Sample buffer. The lysates were boiled,
separated by SDS-PAGE and transferred to PVDF membranes (Merck Millipore). The mem-
branes were blocked in 5% dry milk in TBS-Tween for 1 h at room temperature and incubated
overnight at 4°C with primary antibodies. Anti-MdmX mouse mAb (clone 8C6) and anti-
Mdm?2 mouse mAb (clone IF-2), anti-P-p53 (S15) mouse mAbD (clone 16G8), and anti-H2A.X
phospho (Ser139) (clone 2F3) were purchased from Merck-Millipore, Cell Signaling Technol-
ogy and BioLegend, respectively. Anti-Mdm2 mouse monoclonal antibodies 2A9 and 2A10,
anti-PCNA mouse mAb PC-10, and anti-p53 mouse mAb DO-1 were kindly provided by Dr.
Borek Vojtesek, Masaryk Memorial Cancer Institute, Brno, Czech Republic. After washing in
1% dry milk in TBS-Tween for 3x 10 minutes, the membranes were incubated for 1 hour at
room temperature with the horseradish peroxidase-conjugated donkey anti-mouse secondary
antibody (Santa Cruz Biotechnology). The proteins of interest were visualized using ECL
substrate (Thermo Scientific) together with chemiluminescence detection system G:BOX
(Syngene).

Analysis of p53 transcriptional activity

Wild type p53-expressing melanoma cell lines A375 and Mel-Juso were transfected with the
expression vector pGL4.38 [luc2P/p53 RE/Hygro] using TurboFect (Thermo Scientific), fol-
lowing the manufacturer’s instructions. Hygromycin was added to the growth media (100 pg/
ml) twenty-four hours post-transfection, and stable transfectants were selected for ten days. To

PLOS ONE | https://doi.org/10.1371/journal.pone.0185801 October 3, 2017 3/18


https://doi.org/10.1371/journal.pone.0185801

@° PLOS | ONE

Enoxacin-induced p53 activation in cancer cells

determine the p53 activity, the stably transfected cells were lysed 24 h post-treatment in Pierce
Luciferase Cell Lysis Buffer (Thermo Scientific) for 15 min on ice. Total protein concentrations
in lysates were determined using Bradford Reagent (Bio-Rad), and luciferase activity was mea-
sured using Pierce Firefly Luciferase Glow Assay Kit (Thermo Scientific) per the manufactur-
er’s instructions. Transient transfections of the pGL4.38 [luc2P/p53 RE/Hygro] construct into
wild type and DDp53-expressing A375 and MCEF7 cells were performed to confirm the inhibi-
tory effect of the DDp53 mini-protein on p53 activity. Cells were treated with enoxacin or
doxorubicin 24 hours post-transfection and luciferase activity in cell lysates was determined
24 hours later.

Cell viability

Cells were seeded at the concentration of 7*10* cells/ml and 24 h later treated with enoxacin in
concentrations 25, 50, 75, and 100 pg/ml. After three-day incubation with the drug, cells were
harvested, washed in cold PBS, and PI (1 pg/ml, Sigma-Aldrich) was added. The percentage of
dead (PI positive) cells was measured using Attune Acoustic Focusing Cytometer (Applied
Biosystems) at 620 nm emission wavelength. A total number of 10,000 cells per sample was
analyzed.

Cell proliferation

Cells were grown in standard growth medium in the presence of enoxacin (50 ug/ml) or 0.2%
NaOH (vehicle, negative control). Relative cell growth was determined using standard MTT
assay after 1, 2, 3, 4, or 5 days in culture in the presence of the drug.

Quantitative real-time PCR

Quantitative RT-PCR was performed using LightCycler 480 Instrument (Roche) in a final
reaction volume of 10 pl. Each reaction included 1 pl of cDNA template, 5 pl of 2x TagMan
Gene Expression Master Mix (Applied Biosystems), 0.5 pl of the respective primer/probe set
labeled with FAM/MGB and 0.5 pl of primer/probe set labeled with VIC/MGB (for GAPDH)
and 3 pl of water. Amplification of housekeeping gene GAPDH (#4310884E, Thermo Fisher)
was used for normalization. The PCR was carried out with dual color hydrolysis probe/UPL
probe as follows: 10 min pre-incubation at 95°C and 45 cycles of amplification: 10 s at 95°C,
30 sat 60°C and 1 s at 72°C. Assays were performed in triplicates, and the mean Ct value of
each triplicate was used for analysis by the 2(- Delta Delta Ct) method. The following TagMan
Gene Expression Assays (Thermo Fisher Scientific) were used: MdmX (Hs00967238_m1),
BAX (Hs00180269_m1), BBC3/PUMA (Hs00248075_m1), p21/CDKNI1A (Hs00355782_m1),
GADD45 (Hs00169255_m1), Mdm2 (Hs01066930_m1), HPRT1 (HGPRT) Endogenous Con-
trol (#4333768F).

Analysis of miRNA expression

Total RNA was extracted with mirVana™ miRNA Isolation Kit (Ambion), following the manu-
facturer’s instructions. Total RNA concentration and purity were controlled by UV spectro-
photometry using Nanodrop ND-1000 (Thermo Scientific). For whole-genome miRNA
expression profiling, total RNA, including the small RNA fraction, was used and analyzed with
Affymetrix GeneChip miRNA 3.0 arrays (Affymetrix) containing 5607 probe sets for human
small RNAs. Out of these probe sets the 1733 probe sets of mature human miRNAs were fil-
tered. These probe sets guarantee 100% coverage of all mature human miRNAs in miRBase
v.17 (April 2011). Probe sets that were deleted in a more recent version of miRBase were
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excluded for analysis. All steps of the procedure were performed according to the Affymetrix
standardized protocol for miRNA 3.0 arrays. Briefly, 500 ng of total RNA was poly-A tailed,
followed by labeling using the FlashTag Biotin HSR RNA Labeling Kit (Genisphere). A hybrid-
ization cocktail was added to the biotin-labeled RNA sample and heated to 99°C for 5 minutes
and then to 45°C for another 5 minutes. This mixture was injected into an Affymetrix miRNA
3.0 array, and hybridization was performed under rotation at 48°C for 16 hours. After washing
and staining steps using the Affymetrix Fluidics Station, the arrays were scanned on the Affy-
metrix 3000 GeneScanner. Intensity values for each probe cell (.cel file) were calculated using
Aftymetrix GeneChip Command Console (AGCC). Quality control of the microarray was per-
formed with the Affymetrix miRNA QC Tool, version 1.1.1.0. The Affymetrix raw data (.cel
files) were normalized using the robust multichip average (RMA) algorithm from ’oligo’ Bio-
conductor package [23] in R version 3.0.1 [24]. The LIMMA package [25] was used to identify
differentially expressed miRNA probe sets between different groups. Obtained p-values were
adjusted for multiple testing using the Benjamini-Hochberg correction. Annotations of
miRNA probe sets were derived from the Sanger miRBase database v.20 (June 2013, http://
mirbase.org).

Results
Enoxacin inhibits growth of melanoma cells

To determine the activity of enoxacin in malignant melanoma, we analyzed the growth of
three human melanoma cell lines during five-day treatment with 50 pg/ml (156.09 uM) enoxa-
cin in MTT proliferation assays. This concentration was similar to the active concentrations
determined in other cancer types in previous studies [18,19]. Enoxacin strongly inhibited the
growth of melanoma cells carrying the most common BRAF kinase oncogenic mutation
V600E (Mel-Ho, A375), as well as the proliferation of cells with activating mutations in the
NRAS oncogene (Mel-Juso) (Fig 1A). In the next experiment, we took advantage of the finding
that closely related fluoroquinolone drugs differ in their ability to promote miRNA maturation
[26]. Ofloxacin, which is not capable of efficiently promoting miRNA biogenesis, had a much
weaker effect on the growth of melanoma cell cultures than enoxacin in our proliferation
assays (both drugs used at 50 pg/ml) (Fig 1B). This result indicated that the ability to modulate
miRNA processing might be required for the anti-melanoma activity of fluoroquinolones.
Next, we measured A375 melanoma cell viability after three-day incubation with enoxacin
concentrations ranging from 25 to 100 pg/ml using a propidium iodide-based flow cytometric
viability assay. Results presented in Fig 1C showed a dose-dependent increase in the propor-
tion of dead cells in the population of enoxacin-treated A375 cells and indicated that this drug
not only inhibited melanoma cell proliferation but it could also have a negative impact on
their viability.

Enoxacin induces changes in the expression pattern of a large set of
mature miRNAs in A375 cells

To identify specific miRNAs that could contribute to growth inhibition in enoxacin-treated
melanoma cells, we performed miRNA expression profiling of control and enoxacin-treated
A375 cells. Total RNA, including the small RNAs, was analyzed with Affymetrix GeneChip
miRNA 3.0 arrays containing 5607 probe sets for small human RNAs. Levels of fifty-five
matured miRNAs were identified as significantly changing in response to enoxacin (p < 0.05)
(Fig 2A and S1 Table). Of these, twenty-six matured miRNAs were identified as upregulated
and twenty-nine as downregulated in response to enoxacin (p < 0.05) (Fig 2B).
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Fig 1. Enoxacin inhibits melanoma cell growth. (A) Melanoma cell lines were grown in the presence of enoxacin (50 ug/ml) or 0.2% NaOH (vehicle,
negative control). Relative cell growth was determined using standard MTT assay after 1, 2, 3, 4, and 5 days. Results of three independent experiments are
presented (means +/- SD). (B) Melanoma cell lines were grown in the presence of 0.2% NaOH (control), enoxacin or ofloxacin (both 50 pg/ml) for four days
and relative cell growth was determined by MTT assays. Results of three independent experiments (means + standard deviations) are presented. A
significant difference between the effect of enoxacin and ofloxacin **P<0.01 (Student’s t-test, two-tailed). (C) A375 cells were grown for 3 days in the
presence of 0.2% NaOH (control) or enoxacin in concentrations 25, 50, 75, and 100 pug/ml. Cell viability was determined using propidium iodide exclusion
assay and flow cytometry. Results of three independent experiments are presented (means + SD). ** P<0.01 (Student’s t-test, two-tailed).

https://doi.org/10.1371/journal.pone.0185801.9001

To determine the potential targets of the identified miRNAs, aggregation on the geometric
mean of the ranks of target lists from multiple sources was applied using the miRNAtap R/Bio-
conductor package [27]. Targets were aggregated from five most commonly cited prediction
algorithms: DIANA [28], Miranda [29], PicTar [30], TargetScan [31], and miRDB [32]. In
total, 3924 predicted target genes occurring in at least three sources out of five for each
miRNA were annotated with KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
database, and hypergeometric tests were used to estimate the significance of enrichment. This
analysis identified 58 cellular pathways potentially targeted by the miRNAs, the majority rele-
vant to cancer (52 Table). Functional Profile of the selected 3924 genes set at specific Gene
Ontology (GO) level (molecular functions, biological processes, and cellular components) was
performed (S3 Table). Finally, GO enrichment analysis of the 3924 genes set was applied with
the Benjamini-Hochberg multiple comparison correction (54 Table). Together, these analyses
suggested that miRNAs significantly dysregulated in A375 cells in response to enoxacin might
modulate a broad range of cellular processes that could all collectively impact on various
aspects of cancer cell growth or survival.
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Fig 2. Enoxacin induces changes in the expression pattern of a large set of matured miRNAs in A375
cells. (A) miRNA expression profiling of control and enoxacin-treated A375 cells. Total RNA, including the
small RNAs, was analyzed with Affymetrix GeneChip miRNA 3.0 arrays. The heat map shows statistically
significant changes in the expression of miRNAs in A375 melanoma cells in response to enoxacin treatment
(p<0.05; three independent experiments). (B) Matured miRNAs identified as significantly up- or down-
regulated in A375 melanoma cells in response to enoxacin (p < 0.05).

https://doi.org/10.1371/journal.pone.0185801.g002

Enoxacin activates wild type p53 in melanoma cells by downregulating
MdmX protein levels, not by inducing DNA damage response

Most melanomas retain wild type p53 but overexpress its negative regulator MdmX as a result
of a switch in the alternative splicing of the MdmX transcript [10]. We were interested in find-
ing out whether enoxacin could, among other cellular processes, regulate the p53 pathway in
melanoma cells through its effect on miRNA maturation, as this could contribute to its cyto-
toxic and antiproliferative effect in melanoma cells. Many miRNAs have been found to regu-
late the p53-Mdm2-MdmX network directly, and analyses of 3’UTR sequences of Mdm2 and
MdmX transcripts suggest that still more might exist [33]. Two of the microRNAs upregulated
by enoxacin, miR-3154 and miR-4459, matched those on the miRTarBase 2016 list of miRNAs
predicted to target human MdmX (Mdm4) transcript (http://miRTarBase.mbc.nctu.edu.tw/
[34]). It might, therefore, be possible that miRNAs induced by enoxacin could directly inter-
fere with MdmX expression. Moreover, the analysis of the enriched gene sets identified,
among other targets, a relatively large set of genes involved in the regulation of RNA splicing
as potentially targeted by miRNAs changing significantly in response to enoxacin (S5 Table).
Importantly, in A375 melanoma, MdmX splicing was shown to sense and transduce the infor-
mation about the state of the cellular splicing machinery to the p53 pathway, as RNAi-medi-
ated knock-down of individual components of cell splicing machinery was capable of
downregulating MdmX expression and inducing wild type p53-dependent transcriptional
activity in the absence of DNA damage [10,35]. Taking these results into account, we hypothe-
sized that by inducing changes in the expression pattern of miRNAs targeting the splicing
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machinery, enoxacin might be able to modulate MdmX splicing, MdmX protein levels and
thereby also p53 activity in A375 cells.

To test our hypothesis, A375-p53Luc cells were created by a stable transfection of A375
cells with pGL4.38[luc2P/p53 RE/Hygro], a plasmid construct coding for luciferase under the
control of a p53 responsive promoter (Promega). Cells were treated with increasing concentra-
tions of enoxacin (25 to 100 pug/ml) for 24 h, lysed, and luciferase activity was compared
between the control and treated cells. Results presented in Fig 3A (left panel) indicated that
enoxacin could efficiently activate p53-dependent transcription in A375 melanoma cells.
Already at 25 pug/ml enoxacin, we observed an approximately four-fold increase in p53 tran-
scriptional activity after 24 h incubation and the maximal level of p53 activity reached at higher
enoxacin concentrations was about ten-fold greater than the control. In line with our hypothe-
sis that enoxacin could be targeting MdmX expression in melanoma, we observed a dose-
dependent decrease in MdmX protein levels in enoxacin-treated A375 cells, which could
explain the detected changes in p53 activity, despite the absence of significant changes in p53
protein levels (Fig 3A, right panel). While there was an apparent decrease of MdmX levels
already at 25 pg/ml, the strongest decrease was seen at enoxacin concentrations 75 and 100 pg/
ml. The activation of p53 in our experiments with A375 melanoma correlated with the
reported ability of fluoroquinolones to promote miRNA processing. Ciprofloxacin and enoxa-
cin, drugs modulating miRNA biogenesis, activated p53 to an extent similar to that seen in
response to a DNA-damaging drug etoposide (Fig 3B). In contrast, ofloxacin, which is not
capable of efficiently promoting miRNA biogenesis, did not induce a detectable increase in
p53-dependent transcription in our experiments.

To confirm that enoxacin can activate the expression of endogenous p53 targets, we per-
formed quantitative real-time PCR analysis of the expression of selected p53 target genes in
A375 cells treated with enoxacin or DNA-damaging drug doxorubicin as a positive control.
While there was no significant increase in the expression of BAX, the expression of other p53
targets (BBC3/PUMA, p21/CDKNI1A, GADD45, and MDM?2) rose strongly in response to enox-
acin (Fig 3C).

In comparison to A375 cells, the NRAS-mutated Mel-Juso melanoma cells expressed signif-
icantly lower levels of the MdmX protein and its role in controlling p53 activity in these cells
was therefore unclear. However, also in Mel-Juso cells the enoxacin treatment led to a sharp
decrease in MdmX protein levels and a relatively small increase in p53 protein levels that was
accompanied by a significant activation of p53-dependent transcription (Fig 3D).

Several previous studies have shown that DNA damaging agents can induce alternative
splicing of Mdm2 and MdmX transcripts [36,37], and the MDMX-ALT2 and MDM2-ALT1 iso-
forms induced by DNA damage can modulate the transcriptional activity of the stabilized p53
[38]. To exclude the possibility that enoxacin caused DNA damage in melanoma cells, leading
to a general DNA damage stress response and possibly also to changes in MdmX expression in
our experiments, we compared the response to this drug to the effects on the p53 pathway of
DNA damaging chemotherapeutic drugs doxorubicin and etoposide. There was a definite
decrease in MdmX protein levels already after 6-hour treatment with DNA damaging drugs or
higher enoxacin concentrations, but the maximal response to lower enoxacin concentrations
required longer treatment (Fig 3E). To observe possible changes in Mdm?2 splicing and expres-
sion of smaller Mdm?2 isoforms, we used a mixture of three primary antibodies (clones IF-2,
2A9, and 2A10), each targeting a different epitope in the Mdm2 protein. Such experimental
design should enable the detection of not only the full length Mdm?2 protein but also the major
stress-induced splice variant Mdm2-ALT1 [38]. As Mdm?2 is not only p53 regulator but also
the product of the p53 target gene, we could see a clear Mdm?2 induction in response to all
treatments at the 18-hour time point. However, we did not detect enhanced induction of short
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Fig 3. Enoxacin activates p53-dependent transcription in melanoma cells overexpressing MdmX
without inducing DNA damage. (A, left) A375 cells stably transfected with a p53-responsive luciferase
reporter construct were grown for 24 hours in the presence of enoxacin in concentrations 25, 50, 75, and

100 pg/ml. Relative p53 transcriptional activity was determined by measuring the activity of luciferase in cell
lysates. Results of three independent experiments are presented (means + SD). * P<0.05, ** P<0.01
(Student’s t-test, two-tailed). (A, right) A375 cells were treated with enoxacin for 24 hours, lysed, and protein
levels of MdmX and p53 in cell lysates were analyzed by Western blotting. PCNA served as a loading control.
(B) A375 cells stably transfected with a p53 activity reporter construct were treated with 0.2% NaOH (control),
etoposide, and three fluoroquinolone antibiotics, and p53 activity was determined. Results of three
independent experiments (means + SD) are presented. A significant difference between control and
antibiotic-treated cells * P<0.05, ** P<0.01 (Student’s t-test, two-tailed). (C) Quantitative real-time PCR
analysis of the expression of selected p53 target genes in A375 cells treated for 24 hours with 50 or 100 pg/ml
enoxacin or 0.5 uM doxorubicin. The expression of HPRT1/HGPRT served as an endogenous control. (D)
Mel-Juso cells stably transfected with a p53-responsive luciferase reporter construct were grown for 24 hours
in the presence of enoxacin in concentrations 50 and 100 pg/ml. Relative p53 activity was determined by
measuring luciferase activity in cell lysates. Results of three independent experiments are presented (means
+ SD). * P<0.05, (Student’s t-test, two-tailed). MdmX and p53 protein levels in Mel-Juso cell lysates were
analyzed by Western blotting. PCNA served as a loading control. (E) (F) Western blot analysis of A375 cells
treated with increasing concentrations of enoxacin or DNA damaging drugs for the indicated time. A mixture of
three different primary monoclonal antibodies recognizing various epitopes in human Mdm2 was used in the
Mdm2 panels. * Non-specific band.

https://doi.org/10.1371/journal.pone.0185801.g003

Mdm2 protein isoforms that could indicate changes in the Mdm?2 splicing pattern, neither in
enoxacin-treated A375 cells nor in response to DNA damage (Fig 3E). An important difference
between enoxacin and the DNA damaging agents was the significant stabilization of p53 pro-
tein in response to doxorubicin and etoposide already after short 3 or 6 hour treatments, while
there was no p53 protein response at these time points in enoxacin-treated A375 cells, despite
an apparent effect on the MdmX levels (the 6-hour time point) (Fig 3E and 3F). At the 18-hour
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time point, a mild increase in the total p53 levels was also observed in the lysates of cells treated
with 50 or 100 pg/ml enoxacin, but this increase was weak compared to p53 stabilization
induced by much lower concentrations of DNA damaging agents. Moreover, the DNA damag-
ing drugs induced a strong phosphorylation of the p53 protein on serine 15 and the character-
istic phosphorylation of serine 139 of histone H2AX, both indicating activation of the DNA
damage response pathways. Such response was absent in the enoxacin-treated cells even after
18 hours (Fig 3F), speaking against the induction of a significant amount of DNA damage by
the fluoroquinolone. Together, these results suggest that enoxacin did not promote DNA dam-
age-mediated activation of wild type p53 in melanoma cells and that enoxacin-induced
changes in MdmX expression were DNA damage independent.

Although the doxorubicin treatment alone was already capable of entirely inhibiting
MdmX protein expression in A375 cells in our previous experiments (Fig 3E), we decided to
also test the possibility that enoxacin and DNA damaging agents might synergize in inducing
p53 activity. We treated A375 p53Luc cells with enoxacin and doxorubicin for 18 hours, sepa-
rately and in combination, and measured p53 activity. Results presented in S1A Fig did not
show any additional increase in p53 activity in cells treated with doxorubicin when enoxacin
was added.

Enoxacin promotes MdmX exon 6 skipping in cancer cells

As already mentioned, a recent study showed that a switch in alternative splicing of MdmX
transcript is primarily responsible for increased MdmX protein levels in cancer cells, including
A375 melanoma [10]. We hypothesized that enoxacin induced changes in MdmX splicing pat-
tern in A375 cells that led to MdmX protein downregulation and p53 activation. Moreover,
the fact that enoxacin produced simultaneous shifts in the levels of many miRNAs targeting
the expression of multiple genes involved in the regulation of mRNA splicing suggested that
its effect on MdmX splicing may not be limited to melanoma. Other types of cancer expressing
high MdmX protein levels, such as A2780 ovarian carcinoma or MCF?7 breast carcinoma,
could respond to enoxacin the same way.

To prove our assumption and to detect the effect of enoxacin on alternative splicing of
MdmX, we used RT-PCR with two sets of PCR primers (Primers 1: F1-R1 and Primers 2:
F2-R2) complementary to different MdmX exons (Fig 4A), previously used to detect alterna-
tive splicing of MdmX in studies by other authors [10,22]. The left panel of Fig 4B depicts the
expected sizes of the PCR products in the presence (full length, FL) or absence (short, S) of
exon 6 in the MdmX transcript. The right panel of Fig 4B shows the results of RT-PCR reac-
tions performed with the two sets of primers using total RNA isolated from vehicle-treated
controls and A375, A2780, and MCF?7 cells treated for 24 h with two different concentrations
of enoxacin. Both PCR reactions showed in all three cell lines an apparent shift in the ratio
between the MdmX-FL and MdmX-S isoforms towards MdmX-S in enoxacin-treated cells, sug-
gesting that enoxacin promoted MdmX exon 6 skipping in all three different cellular contexts.
Similar results were obtained in three independent experiments.

The analysis of RT-PCR results obtained using Primer pair 2 repeatedly showed an addi-
tional band above the MdmX-FL PCR product that did not respond to enoxacin treatment
in any of the cell lines tested. To determine the specificity of this PCR product for MdmX, we
performed siRNA-mediated MdmX knock-down in A375 and MCEF7 cells, followed by the
RT-PCR with primers 2. Results presented in S1B Fig show MdmX protein downregulation
in response to siRNAs targeting MdmX in both cell lines and a substantial decrease in the
MdmX-FL PCR product in both RT-PCR reactions, while there was no such change in the
additional band, suggesting that it is a non-specific PCR product. Interestingly, in A375 cells
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Fig 4. Enoxacin promotes MdmX exon 6 skipping in melanoma and non-melanoma cancers
overexpressing MdmX. (A) Schematic representation of MdmX mRNA exon structure and binding sites for
PCR primers used in RT-PCR to determine the presence/absence of exon 6 (VI). (B, left) Schematic
representation of expected MdmX RT-PCR products in the case of presence (MdmX-FL) or absence
(MdmX-S) of exon 6. (B, right) RT-PCR analysis of MdmX exon 6 skipping in A375, A2780, and MCF7 cells
treated with enoxacin (50 and 100 pg/ml) for 24 hours (primers 1 —top, primers 2 —middle, GAPDH PCR
control-bottom). (C) RT-PCR analysis of MdmX exon 6 skipping in A375, A2780 and MCF7 cancer cell lines
treated with ciprofloxacin and ofloxacin (both 100 pg/ml) for 24 hours (MdmX primers 2 —top, GAPDH PCR
control-bottom). * Non-specific band.

https://doi.org/10.1371/journal.pone.0185801.g004

we observed an increase in the amount of the MdmX-S product in siRNA-treated cells, indicat-
ing that siRNAs targeting the MdmX transcript might promote exon 6 skipping. This result
was in line with a recent report suggesting that MdmX antisense oligonucleotides could induce
exon 6 skipping [10].

To test the possibility that enoxacin treatment might not only modulate MdmX splicing but
could also influence MdmX gene expression, we performed quantitative real-time PCR analysis
in control and enoxacin-treated A375 cells (S1C Fig). Reverse transcriptions were performed
using oligo(dT) and random hexamer primers to analyze both polyadenylated mRNAs and
transcripts lacking poly(A). The difference between control and enoxacin-treated samples was
not significant.

Next, we performed the MdmX splicing assay to compare the response of the three different
cell lines overexpressing MdmX (A375, A2780, MCF?7) to ciprofloxacin, another fluoroquino-
lone capable of promoting miRNA processing, and ofloxacin, a fluoroquinolone drug with
reported low activity in the miRNA processing pathway [26]. Consistent with our hypothesis
that the switch in MdmX splicing might represent a response of cancer cells overexpressing
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MdmX to changes in miRNA processing, ciprofloxacin induced MdmX exon 6 skipping in all
three cell lines, while ofloxacin did not (Fig 4C).

Moreover, when we compared the response of the three different cancer lines overexpres-
sing MdmX subjected to increasing concentrations of enoxacin, ciprofloxacin, and ofloxacin
by Western blotting, we found that carcinoma cell lines responded like A375 melanoma cells.
Enoxacin and ciprofloxacin very efficiently downregulated MdmX protein levels, while ofloxa-
cin had only a weak effect on MdmX (Fig 5A). Like in A375, the response of A2780 and MCF7
cells to enoxacin was not associated with significant changes in Mdm?2 splicing pattern and
only small changes in p53 protein levels were detected (Fig 5B and 5C).

In the next set of experiments, we wanted to determine the role of the p53 status in the
observed cellular responses to enoxacin. We started by comparing the effect of enoxacin on
the growth of A375 and MCF7 and their derivatives MCF7-DDp53 and A375-DDp53 stably
overexpressing a dominant-negative truncated mouse p53 protein [20,21]. A transient trans-
fection of the p53-responsive luciferase construct into wild-type A375 and two A375 DDp53
clones (S2A Fig) and MCF7 plus two MCF7 DDp53 clones (S2B Fig), followed by enoxacin
and doxorubicin treatments, confirmed that p53 activity was severely compromised in the
DDp53-expressing A375 and MCF7 clones. Next, we analyzed the growth of the DDp53 cells
in the presence of increasing concentrations of enoxacin using MTT assays. Enoxacin signifi-
cantly inhibited the growth of A375 (S2C Fig) and MCF?7 cells (S2D Fig), and the differences
between the parental cell lines and DDp53 clones were not significant. These results suggested
that other cellular pathways could be more important than p53 for determining the response
of A375 and MCF?7 cells to enoxacin. However, MdmX inhibition and p53 activation could
still contribute to enoxacin activity in the context of other cancers overexpressing MdmX.

We also looked at the possibility that wild type p53 might be required for the switch in
MdmX splicing to take place. For this, we chose two cell lines expressing low MdmX protein
levels in which the p53 pathway is inhibited by other mechanisms. Human non-small cell lung
carcinoma cells H1299 do not express the p53 protein, while the human melanoma cell line
IPC298 expresses a mutant form of p53 (IARC TP53 Database). The growth of both cell lines
was inhibited in the presence of enoxacin (S3B and S3C Figs). The analysis of MdmX exon 6
splicing did not show any difference between control and enoxacin-treated H1299 cells (S3A
Fig). However, in IPC298 melanoma enoxacin promoted the switch between the MdmX-FL
and MdmX-S isoforms, suggesting that the wild type p53 status might not be required for the
switch in splicing to occur.

Discussion

Small molecule fluoroquinolone antibiotics have a long history of relatively safe use in human
medicine as antibacterial agents. In addition to that, later reports suggested that fluoroquino-
lones might exhibit specific biological activities also in mammalian cells. Enoxacin was identi-
fied in a chemical library screen to promote RNA interference by facilitating the interaction
between pre-miRNAs and TARBP2, a RISC complex protein involved in miRNA maturation
in mammalian cells [26]. Many miRNAs act as tumor suppressors and human cancers often
exhibit global down-regulation of microRNA expression. Restoration of normal microRNA
levels might, therefore, represent an attractive approach in cancer therapy [15-17,39]. Many
microRNAs have been shown to be deregulated during melanoma development and progres-
sion [40,41] and recent research also hints at the possibility of a general decrease in miRNA-
mediated silencing of gene expression in some melanomas due to the down-regulation of a
key component of RISC, the RNA-induced silencing complex [42]. Enoxacin effectively
restored miRNA processing in a panel of cancer cell lines from several common malignancies
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Fig 5. Enoxacin promotes MdmX downregulation in different cancer types. (A) Western blot analysis of
changes in cellular MdmX protein levels induced by 24 h treatment with three fluoroquinolone drugs at
indicated concentrations in A375 melanoma, A2780 ovarian carcinoma, and MCF7 breast carcinoma. PCNA
served as a loading control. (B)(C) Western blot analysis of changes in cellular MdmX, Mdm2, and p53 protein
levels induced by 24 h treatment with enoxacin and DNA damaging agents. PCNA served as a loading
control. (B) MCF7, (C) A2780, * non-specific band.

https://doi.org/10.1371/journal.pone.0185801.9005

and had a TRBP-dependent cancer-specific inhibitory effect on cell growth both in vitro and
in mouse xenografts [18,19]. The practical use of fluoroquinolones in cancer therapy might be
limited by the fact that doses required for enhancing miRNA processing in mammalian cells
are higher than those given to patients to treat bacterial infections. On the other hand, recent
studies suggest that the active concentrations of fluoroquinolones can be achieved in vivo with-
out major toxic side effects. For example, enoxacin inhibited the growth of xenografted human
colorectal tumor cells in mice [18]. In a different study, the drug penetrated the blood-brain
barrier, activated miRNA production in the frontal cortex, and decreased the proportion of
rats exhibiting a depression-like disorder [43]. Our experiments suggest that enoxacin can
inhibit the growth of human melanoma regardless of the type of mutation in the ERK MAP
kinase pathway driving cell proliferation. This could be important because the metastatic form
of melanoma remains incurable by current therapies, despite a significant progress over the
last years in the development of targeted therapeutics such as vemurafenib (PLX4032) or dab-
rafenib, small molecule inhibitors of mutated BRAF kinase [44,45]. On the molecular level, we
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show that a switch in MdmX mRNA alternative splicing and down-regulation of MdmX pro-
tein levels, leading to non-genotoxic activation of p53-dependent transcription, could partly
contribute to the antiproliferative action of fluoroquinolone antibiotics in melanoma cells
expressing high levels of the MdmX oncogene. While we cannot exclude the possibility that
enoxacin and ciprofloxacin could directly bind to the components of cellular splicing machin-
ery and influence its activity, our data indicate that the ability of these drugs to modulate RNA
interference might participate in the observed switch in MdmX splicing. Many splicing mac-
hinery genes were identified among the targets of miRNAs significantly dysregulated in res-
ponse to enoxacin in A375 melanoma cells. We propose that they might collectively interfere
with the splicing machinery, leading to a switch in MdmX mRNA alternative splicing, MdmX
protein downregulation, and p53 activation, as reported in other studies using siRNAs and
shRNAs to target individual components of the splicing apparatus [10,35]. In addition to mela-
noma, there are other types of cancer commonly retaining wild type p53 gene and overexpres-
sing MdmX, and the downregulation of MdmX expression in these tumors could also provide
therapeutic benefit to patients. Therefore, it is important that the effect of fluoroquinolones

on MdmX splicing was not limited to melanoma and that other types of cancer responded to
enoxacin and ciprofloxacin by downregulating MdmX levels too. While millions of patients are
prescribed fluoroquinolone antibiotics every year in the United States alone, there are some
concerns about their safety, overuse, and potential adverse side effects to patients, especially
children [46-48]. There are several reports suggesting genotoxicity of fluoroquinolones, esp.
ciprofloxacin, in human cells in vitro but these drugs do not seem to be genotoxic in vivo [49,
50]. We tested the possibility that enoxacin induced DNA damage in melanoma cells, as this
might not only activate p53 independently of MdmX downregulation by inhibiting Mdm?2 activ-
ity towards p53 but could also lead to changes in MdmX splicing [36,37]. In contrast to cells
treated with DNA damaging agents, we did not see significant p53 stabilization in response to
enoxacin treatment, especially after shorter treatments, that, however, already had an impact on
MdmX protein levels. This result suggested that the drug is not inducing posttranslational modi-
fications inhibiting the function of Mdm?2 towards p53 that are characteristic of the cellular
response to genotoxic stressors [51]. Moreover, the specific phosphorylation on serine 15 of
human p53 was detected only in lysates of doxorubicin or etoposide treated cells, not in cells
treated with enoxacin. Last, but not least, unlike the chemotherapeutic agents, enoxacin failed to
induce any phosphorylation of histone H2AX on serine 139, a marker of double strand DNA
breaks [52]. Together, these results speak against the possibility that enoxacin induced, at least in
the concentrations tested, a significant amount of DNA damage.

Collectively, our data indicate that p53 activation might contribute to enoxacin activity
against some human cancers and suggest that clinically approved fluoroquinolone drugs could
potentially be repurposed as non-genotoxic activators of p53 in cancers cells overexpressing
MdmX.

Supporting information

S1 Fig. (A) p53 activity in enoxacin-treated A375 cells stably transfected with pGL4.38 [luc2P/
p53 RE/Hygro] luciferase construct. (B) siRNA-mediated knockdown of MdmX expression
and its effect on the MdmX splicing assay using Primers 2. Western blotting for MdmX (left
panel), gel electrophoresis of RT-PCR products (right panel). This result suggested that the
additional band (marked with *) was a non-specific product of the PCR reaction not related to
MdmX. (C) Real-time PCR analysis of the effect of enoxacin on MdmX gene expression.
cDNA was obtained using oligo(dT) or random hexamer primers.

(TIFF)
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S2 Fig. Active p53 is not required for the inhibition of A375 and MCF7 cell growth by
enoxacin. (A) A375/A375 DDp53, (B) MCF7/MCF7 DDp53. Analysis of p53 transcriptional
activity in parental cells and clones overexpressing inhibitory mini protein p53DD. (C) A375/
A375 DDp53, (D) MCF7/MCF7 DDp53. Analysis of cell growth inhibition in the presence of
enoxacin by MTT assays (48 hours). Doxorubicin (0.5 uM) was used as a positive control.
Results of three independent experiments are presented (means + SD). A significant difference
between control and antibiotic-treated cells * P<0.05, ** P<0.01 (Student’s t-test, two-tailed).
(TIFF)

S3 Fig. Enoxacin promotes MdmX alternative splicing in cells lacking functional p53. (A)
Analysis of MdmX alternative splicing (exon 6 skipping) in H1299 and IPC298 cells treated for
24 hours with enoxacin (100 pg/ml). (B) H1299, (C) IPC298. Analysis of cell growth inhibition
in the presence of enoxacin by MTT assays (48 hours). Doxorubicin (0.5 uM) was used as a
positive control. Results of three independent experiments are presented (means + SD). A sig-
nificant difference between control and antibiotic-treated cells * P<0.05, ** P<0.01 (Student’s
t-test, two-tailed).

(TIFF)

S1 Table. MicroRNAs significantly changing in A375 cells in response to enoxacin. List of
miRNAs significantly up- and down-regulated in A375 melanoma in response to 24-hour
treatment with enoxacin (p<0.05; three independent experiments).

(XLSX)

S2 Table. Cellular pathways targeted by the miRNA dysregulated by enoxacin in A375
cells.
(XLSX)

S3 Table. Functional profile of 3924 miRNA target genes at Gene Ontology level (molecu-
lar functions, biological processes, cellular components).
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$4 Table. Gene set enrichment analysis of miRNA target genes.
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S5 Table. Potential miRNA target genes implicated in RNA splicing.
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