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Simple Summary: Enoxacin is a second-generation quinolone with promising anticancer activity. In
contrast to other members of the quinolone group, it exhibits an extraordinary cytotoxic mechanism
of action. Enoxacin enhances RNA interference and promotes microRNA processing, as well as
the production of free radicals. Interestingly, apart from its proapoptotic, cell cycle arresting and
cytostatic effects, enoxacin manifests a limitation of cancer invasiveness. The underlying mecha-
nisms are the competitive inhibition of vacuolar H*-ATPase subunits and c-Jun N-terminal kinase
signaling pathway suppression. The newly synthesized enoxacin derivatives have shown a magni-
fied cytotoxic effect with an emphasis on prooxidative, proapoptotic and microRNA interference
actions. The mentioned mechanisms seem to contribute to a safer, more selective and more effective
anticancer therapy.

Abstract: Enoxacin as a second-generation synthetic quinolone is known for its antibacterial action;
however, in recent years there have been studies focusing on its anticancer potential. Interestingly, it
turns out that compared to other fluoroquinolones, enoxacin exhibits uncommon cytotoxic properties.
Besides its influence on apoptosis, the cell cycle and cell growth, it exhibits a regulatory action
on microRNA biogenesis. It was revealed that the molecular targets of the enoxacin-mediated
inhibition of osteoclastogenesis are vacuolar H*-ATPase subunits and the c-Jun N-terminal kinase
signaling pathway, causing a decrease in cell invasiveness. Interestingly, the prooxidative nature of
the subjected fluoroquinolone enhanced the cytotoxic effect. Crucial for the anticancer activity were
the carboxyl group at the third carbon atom, fluorine at the seventh carbon atom and nitrogen at the
eighth position of naphyridine. Modifications of the parent drug improved the induction of oxidative
stress, cell cycle arrest and the dysregulation of microRNA. The inhibition of V-ATPase-microfilament
binding was also observed. Enoxacin strongly affected various cancer but not normal cells, excluding
keratinocytes, which suffered from phototoxicity. It seems to be an underestimated anticancer drug
with pleiotropic action. Furthermore, its usage as a safe antibiotic with well-known pharmacokinetics
and selectivity will enhance the development of anticancer treatment strategies. This review covers
articles published within the years 2000-2021, with a strong focus on the recent years (2016-2021).
However, some canonical papers published in twentieth century are also mentioned.
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1. Introduction

Fluoroquinolones are synthetic antibacterial agents, representing the first set of anti-
infective agents that were not modeled knowingly after any natural antibiotics [1,2]. Over
the years they were modified in order to improve and extend the antimicrobial activity. The
first generation of quinolones was banned due to their weak pharmacokinetic properties,
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narrow range of antibacterial activity and rapidly developing resistance to bacteria. Sub-
sequent changes in the quinolone structure opened the second generation of these drugs,
which includes ciprofloxacin, enoxacin and ofloxacin.

Enoxacin (ENX) (Figure 1) is an oral broad-spectrum fluoroquinolone bacterial agent,
exhibiting high antibacterial activity against a broad spectrum of Gram-negative bacteria
and moderate activity against Gram-positive bacteria [3-5]. It has been used for many
years in clinical practice under the brand name Penetrex for the treatment of genitourinary
tract infections [6]. ENX is a 1,8-naphthyridine derivative of 1,4-dihydro-1,8-naphthyridine
with an ethyl group at the 1 position, a carboxy group at the 3-position, an oxo-substituent
at the 4-position, a fluorine-substituent at the 5-position and a piperazin-1-yl group at the
7 position. Enoxacin inhibits bacterial DNA gyrase and topoisomerase IV [7,8]. Reports
concerning its ability to interfere with human topoisomerase are contrary [1,8-10] and it
seems that this interaction is concentration-dependent [8].

HN
40

Figure 1. Structure of enoxacin. The figure shows the fragments of the structure responsible for the
regulation of miRNA expression.

Fluoroquinolones are a group of substances that have been thoroughly tested in terms
of their anticancer activity. Only in recent years have a number of reviews describing the
cytotoxic properties of fluoroquinolones been published [11-14].

Like most fluoroquinolones, enoxacin has been tested for its anticancer activity. How-
ever, distinct activities of enoxacin, such as anti-ALS, antidepressant, antiaging and antiviral
activities, are reported in literature [9]. In this review, we focus on the anticancer potential
as well as the mechanisms of anticancer activity for enoxacin and its derivatives.

2. Enoxacin as a Small-Molecule Enhancer of microRNA (SMER)
2.1. The miRNA Biogenesis

The miRNA biogenesis begins with transcribing a gene into a large primary transcript
(pri-miRNA). The transcription is typically mediated by RNA polymerase II [15]. The pri-
miRNAs are then cleaved by the microprocessor complex, composed of the RNA-binding
protein DGCRS and type III RNase Drosha, into a stem-loop structure called the precursor
miRNA (pre-miRNA) [16]. Following transportation by the Ran/GTP/Exportin5 complex
from the nucleus to the cytoplasm, the pre-miRNAs are processed by another RNase
IIT enzyme DICER into an miRNA/miRNA duplex. After the duplex is unwound, the
mature miRNA is incorporated into a protein complex termed the RNA-induced silencing
complex (RISC). The miRNA-loaded RISC mediates gene silencing via mRNA cleavage
and degradation or translational repression, depending on the complementarity between
the miRNA and the targeted mRNA transcript [17]. An important role in translational
repression and mRNA degradation is played by GW182 protein. Its N-terminal domain
is rich in glycine (G) and tryptophan (W) amino acids, while the C-terminus contains
a silencing domain. GW182 directs proteins involved in deadenylation, decapping and
exonucleolytic degradation of the target mRNA [18]. GW182 binds directly to AGO2,
another member of the RISC [19] GW182, AGO2 and rest of the RISC can be found within
GW processing bodies (GW /P-bodies) [20,21]. Interestingly, miRNAs may function as
ligands directly binding the Toll-like receptor (TLR), triggering downstream signaling
pathways [22] (Figure 2).
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Figure 2. Enoxacin-induced dysregulation of miRNA biogenesis and its consequences. Enoxacin
enhanced the activity of the RISC loading protein TRBP, resulting in an increase in the number of
mature miRNAs. It also impairs the activity of DHX9 helicase, a member of the RISC, leading to the
impairment of mRNA translational repression and degradation. On the other hand, it increases the
number of GW /P bodies, the sites of RNA-mediated silencing, as well as the localization of miRNA
packaging into EVs. The enoxacin-dysregulated biogenesis of miRNA is involved in osteoclastogene-
sis, apoptosis, DNA damage response, epithelial-mesenchymal transition, cancer cell proliferation,
migration and invasiveness. Abbreviations: polymerase II (Pol II); methyltransferase-like 3 (METTL3);
microprocessor complex subunit DGCR8 (DGCRS); type III RNase Drosha (Drosha); GTP-binding
nuclear protein Ran (Ran); endoribonuclease DICER (DICER); TAR RNA-binding protein 2 (TRBP);
Toll-like receptor (TLR); RNA-induced silencing complex (RISC); GW processing body (GW/P-body);
Piwi-interacting RNA (piRNA); epithelial-mesenchymal transition (EMT); matrix metalloproteinase-2
(MMP2); DNA damage response (DDR); extracellular vesicles (EVs). MiRNA biogenesis adapted
from [16]. Created with BioRender.com.
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It has been clear for almost twenty years that miRNA expression is dysregulated
in human malignancies. The underlying mechanisms include chromosomal abnormali-
ties [23-28], transcriptional control changes [29-31], epigenic changes and defects in the
miRNA biogenesis machinery [32-34].

2.2. The Effect on Cancer Cells
2.2.1. TRBP-Dependent Cytotoxicity

Small molecules can influence miRNA biogenesis. Enoxacin was reported as the first
and unique small-molecule enhancer of microRNA (SMER) maturation [35].

Jin et al. found that the increase in miRNAs was associated with high levels of their
own precursors, thereby suggesting that enoxacin could promote the DICER processing
activity without influencing the miRNA precursor expression [35]. The same authors
established that the enoxacin activity was dependent on the TAR RNA-binding protein
2 (TRBP) and likely involved in the improvement of the TRBP-pre-miRNA affinity [35].

The role of the TRBP in enoxacin-mediated cytotoxicity was confirmed in the three col-
orectal cancer cell lines (Co115, RKO and HCT-116) and their mutants with impaired TRBP
expression. TRBP-impaired cells were more resistant to enoxacin, resulting in a 2-fold
increase in the effective concentration (EC50). Mutant cells also did not undergo cell cycle
arrest. Additionally, enoxacin induced a two-fold expression increase in 24 miRNAs in
RKO and HCT-116 cells and from 1.5-fold up two five-fold increases in the expression of
those miRNAs in RKO and HCT-116 xenograft mouse model. Enoxacin treatment also sig-
nificantly decreased the number of lung and liver metastases in the HCT-116 xenograft [36].
Interestingly, ENX increased the TRBP-dependent miRNA expression in Ewing’s sarcoma
family tumor (ESFT) cell lines such as A673, TC252 and STA-ET-8.2, but not the expression
of TRBP itself. It caused a 50% reduction in sphere formation; increased the expression of a
panel of TRBP/DICER-dependent miRNAs; and decreased the expression of Oct-4, Nanog
and Sox-2 proteins in primary ESFT spheres. This effect was similar to the introduction of
exogenous TRBP. Thus, enoxacin can cause a decrease in the self-renewal of ESFT cancer
stem-like cells (CSC) [37]. However, this fluoroquinolone also significantly decreased TRBP
and DICER protein expression levels in the prostate cancer cell lines DU145, LNCaP, VCaP,
PC-3, 22Rv1 and Co115 via the induction of apoptosis. At the same time, it dysregulated
the expression of a wide range of miRNAs involved in the development and progression of
prostate cancer, e.g., miRNA-29b, which regulates the expression of the proteins E-cadherin,
N-cadherin, Snail, Twist and matrix metalloproteinase-2 (MMP2) involved in the metastatic
process [38]. The effect of the increased expression of tumor-suppressing miRNA was
also notable in thyroid cancer cells lines (Cal62, TPC1, SW1736). This resulted in lower
cell proliferation and cell invasiveness in vitro. The decreased expression of epithelial-
mesenchymal transition (EMT) markers such as fibronectin, n-cadherin, zeb1, twist and
actin was also observed. The upregulation of tumor suppressor miRNA, as well as the sup-
pression of EMT markers, was also shown in the orthotopic mouse model of human thyroid
cancer. The results were consistent with those using miRNA-restoring DICER1 silencing
(miRNA-30a and miRNA-100). This suggests that enoxacin promotes the restoration of
DICER1 activity in DICER1-impaired cells, e.g., human thyroid cancer cells [39].

The role of enoxacin as an enhancer of DNA damage response (DDR) signaling was
confirmed in cervical cancer HeLa cells. This antibiotic augmented the DDR mediator
factors pATMS1981, 53BP1, MDC1 and pS/TQ without affecting their expression, whereas
the activity of YH2AX levels was not affected. Based on the knowledge of the activation of
TRBP by enoxacin, it is not surprising that TRBP silencing diminished ENX’s stimulation of
DDR. The knockdown of PACT or GW182 proteins (TNRC6A, B and C), which are effectors
for miRNA-guided gene silencing, did not affect ENX-mediated DDR stimulation. These
results seem to strengthen and confirm enoxacin’s specificity towards TRBP [40].
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2.2.2. PIWIL-3-Dependent Cytotoxicity

Regarding the molecular target recognized by enoxacin, an additional protein has
been proposed that merits mentioning. In 2017, Abell et al. determined that the Piwi-
like protein 3 (PIWIL3) is a potential enoxacin target [41]. PIWIL3 belongs to the PIWI
argonaut proteins involved in the maturation of the PIWI-interacting RNAs (piRNAs),
small non-coding RNAs that differ from miRNAs [42]. Although mostly present in normal
testis tissue, PIWIL3 has been reported to be aberrantly expressed in a variety of cancers,
playing important roles in tumorigenesis [43,44]. An increase in miRNA-21 and miRNA-
145 expression was observed in breast cancer MCF7 cells. Similar results were obtained
in cells with small interfering RNA-mediated knockout of the PIWIL3. The staining with
alkenox, a synthetic enoxacin analog, showed that PIWIL3 might be a mechanistic target of
enoxacin [41]. Since PIWIL3 is more abundant in cancer cells, it might in part explain the
specificity of ENX towards cancer cells [41,44].

2.2.3. Other Consequences of Enoxacin-Mediated miRNA Dysregulation

Additionally, ENX affected RNA helicase DHX9, a member of the RISC. The expression
of DHX9 was much higher in the small-cell lung cancer cell line H446 than in the non-small-
cell lung carcinoma cell lines A549 and PC9. Enoxacin inhibited the proliferation of A549
in a dose-dependent manner. Similarly, it decreased the expression of DHX9 in A549 cells.
However, silencing DHX9 impaired the cytotoxic effect of the drug [45].

A strong inhibitory effect of enoxacin on the proliferation of human melanoma A375,
Mel-Juso and Mel-Ho cell lines was observed. It dysregulated a set of 55 miRNAs in
A375 cells (26 upregulated, 29 downregulated). Two upregulated miRNAs, miRNA-3154
and miRNA-4459, control the p53-Mdm2-MdmX network [46]. Interestingly, in many
melanomas the overexpression of MdmX, a p53 negative regulator, was observed [47].
Enoxacin increased p53’s activity without affecting its expression. At the same time, the
expression of MdmX decreased in a dose-dependent manner. It alternates MdmX splicing
by promoting exon 6 skipping. This process was observed in different cancer cell lines
(A375, A2780 and MCEF?7) [48].

A different ENX antiproliferative mechanism without affecting apoptosis has been
noted in 4T1 murine breast cancer cells. An increased level of GW /processing bodies,
which are considered the surrogate markers for both the microRNA-mediated repression
of translation and the extracellular vesicle (EV) packaging sites, was observed. MiRNA
expression levels in the 4T1 cells’ cytosol and their EV were compared. Enoxacin signifi-
cantly increased only miRNA-214-3p and slightly increased miRNA-146a-5p, miRNA-290,
miRNA-689 and let-7b-5p cytosolic levels. In contrast, significant decreases in let-7b-5p,
miRNA-146a-5p and miRNA-689 expression and an enormous 22-fold increase in miRNA-
214-3p were observed. All mentioned miRNAs are involved in the regulation of bone
remodeling and osteoclastogenesis. Additionally, EVs from enoxacin-treated 4T1 cells
enhanced the proliferation of murine macrophage cells [49]. The effective concentration
range affecting miRNA biogenesis (see Table 1) was from 50 to 124 uM; however, an achiev-
able serum concentration for a standard clinical dose 400 mg two times a day was ca.
10 uM. Reduction of effective concentration could be obtained by structural modification of
enoxacin. Significant decrease of IC50 was observed after structure modification of other
fluoroquinolones, i.e., by fatty acid conjugation [50,51]. Moreover, it should be considered
that tumor vessels are often more permeable compared to normal vessels, which could
increase the ENX delivery and its intratumor concentration [52].

Although it has been clear that enoxacin did not affect all existing miRNAs (e.g., 36 out
of 22,000 tested in normal HEK293 cells [35] and 122 out 731 tested in cancer RKO cells [36]).
It is worth mentioning that this may be partially explained by the existence of the alternative
miRNA biogenesis pathways, which do not contain molecular targets of enoxacin [53-55].
Interestingly, the dysregulated miRNAs play an important role in cancer-related processes,
e.g., miR-17* decreased the activity of mitochondrial antioxidative enzymes in PC3 cells [56];
miR-34a downregulated an oxidative-stress-induced silent information regulator 1 (SIRT1),



Cancers 2022, 14, 3056

6 of 23

a negative regulator of p53 protein, in HCT116 cells [57]; miR-30a-5p suppressed the
epithelial-mesenchymal transition in SW480 cells by targeting integrin 33 (ITGB3) [58]; and
miR-212 was observed to inhibit the viability and invasion of HCT116 and SW620 cells via
inhibition of the phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) expression [59].
An investigation of the role of the dysregulated miRNAs would definitely help to better
understand the mechanism of enoxacin-mediated anticancer activity. However, the detailed
molecular targets of particular tumor-suppressing or oncogenic miRNAs are beyond the
scope of this review and have been described elsewhere [60-64].

2.3. The Effects on Non-Cancer Cells

It is worth mentioning that enoxacin affects not only cancer cells; it also increased
the levels of miRNA related to the disease in the dominant negative TGF-f3 receptor
(dnTGEFRRII) CDS8 cells from an autoimmune cholangitis mouse model. Despite the fact
that enoxacin did not change the amount of CD8 T cells, it significantly decreased their
proliferative response. Enoxacin also significantly decreased the level of interferon y in
mouse serum [65]. There is some research concerning enoxacin’s impact on the neuronal
system. Rats treated with 10 or 25 mg/kg enoxacin for 1 week were found to have elevated
levels of miRNA related to the neuronal cell biology in their frontal cortex (Table 2). Those
miRNAs include let-7, miRNA-124, miRNA-125 and miRNA-132. They are involved
in the processes of neurogenesis (let-7, miR-124) and neuronal differentiation in human
(miRNA-125) and mouse (miRNA-124) brains, the regulation of the dendritic spine length
in mammalian neurons (miR-125NA), as well as neurite outgrowth (miRNA-132). The
enoxacin-treated rats were also less likely to exhibit learned helplessness when they faced
an inescapable shock [66].

Enoxacin is also capable of affecting artificial miRNAs (amiRNAs), especially by
enhancing the amiRNA-mediated reversible inhibition of the CRISPR-Cas9 system in both
in vitro and in vivo studies. Interestingly, amiRNA alone did not show an inhibitory effect
towards the CRISPR-Cas9 system, indicating the crucial role of enoxacin. In contrast, some
of the naturally occurring miRNAs were able to inhibit CRISPR-Cas9 activity by binding to
single-guide RNA (sgRNA), a part of the sgRNA /Cas9 complex, in the absence of enoxacin.
Surprisingly, the presence of enoxacin in concentrations up to 50 uM did not affect the
natural miRNAs’ influence on the CRISPR system. The proposed explanation of these
differences in the impacts of enoxacin on the inhibition of natural and artificial miRNAs
is based on the low binding capacity of amiRNAs towards RISC and the high binding
capacity towards the RISC of natural miRNAs. Another factor could be the difference in
the amounts of amiRNAs vs. natural miRNAs. The amiRNAs are believed to outnumber
natural miRNAs. Taking the above into account, the amiRNA /enoxacin system turned out
to be specific and reversible, making it a convenient tool for CRISPR-Cas9 regulation [67].

In 2008, Shan et al. investigated the ability of microRNA processing to enhance
some fluoroquinolones, including enoxacin and its three derivatives. They identified the
structural elements of enoxacin responsible for its activity, such as a carboxyl group at the
3rd carbon atom, fluorine at the 7th carbon atom, as well as nitrogen at the 8th position of
naphyridine. [35].

Table 1. The miRNA-regulating activity levels in in vitro studies depending on the different
enoxacin concentrations.

miRNA

Effect Expression Change
Conc. [uM] Cell Line Ref.
[1/}1 Change-Fold

Cancer cells

let-7b-5p, miR-146a-5p,
miR-689
miR-100

50 ! 0.5-1 4T1 (miRNA from EV), [49]
124 1 0.5-1 primary ESFT spheres [37]

miR-141, miR-191

124 1 1.5-2 DU145, LNcap, [38]
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Table 1. Cont.

Effect Expression Change
miRNA Conc. [uM] Cell Line Ref.
[1/}1 Change-Fold
miR-21-5p, miR-30a-3p,
miR-30a-5p, miR-100-5p, 124 T <1.5 Cal62, STA-ET-8.2, TPC1 [39]
miR-204-5p, miR-221-3p
Let-7f, miR-26a, 124 T <1.5 A673, SW1736 [37]
miR-21 100 1 1.5-2 MCF7 [41]
miR-16, miR-18a* miR-21,
miR-26a, miR-29b, miR-29¢, 124 T 1.5-2 HCT-116 [36]
miR-31, miR-193a,
let-7f, miR-26a, miR-99a, A673, STA-ET-8.2, TC252,
miR-100, miR-143, miR-145, 124 T 15-2 primary ESFT spheres 371
miR-21-5p, miR-30a-3p,
miR-100-5p, 124 T 1.5-2 Cal62, SW1736, TPC1 [39]
miR-146b-5p, miR-221-3p,
miR-17 *, miR29b, miR-132,
miR-146a, miR-191 miR-449a, 124 T 152 DU145 LNeap, [38]
miR-214-3p 50 T 2-2.5 4T1 (cytosolic miRNA), [49]
miR-145 100 1 2-25 MCF7 [41]
miR-7, miR-16, miR-18a*,
miR-29¢, miR-101, miR-128, 124 T 2-2.5 HCT-116, RKO [36]
miR-181a, miR-212
miR-100-5p, miR-146b-5p 124 T 2-2.5 SW1736, TPC1 [39]
miR-34a, miR-449a 124 T 2-2.5 DU145, LNcap [38]
let-7f, miR-99a, A673, STA-ET-8.2, TC252,
miR-100, miR-145 124 T 225 primary ESFT spheres 371
miR-7, miR-26a, miR-29b,
miR-30a, miR-101, miR-122,
miR-125a, miR-125b, 124 T 2.5-3 HCT-116, RKO [36]
miR-126, miR-128, miR-143,
miR-181b, miR-205
miR-100, miR-145 124 T 2.5-3 A673, TC252 [37]
miR-29b 124 1 2.5-3 LNcap [38]
let-7a, let-7b, miR-30a,
miR-31, miR-126, miR-181b, 124 T 3-3.5 HCT-116, RKO [36]
miR-193a, miR-193b,
. . A673, STA-ET-8.2, primary
let-7f, miR-143, miR-181a, 124 T 3-3.5 ESET spheres [37]
miR-181a, miR-193b 124 1 3.5-4 HCT-116 [36]
let-7b, miR-143, miR-205 124 T 4-45 HCT-116, RKO [36]
miR-143 124 T 4-45 TC252 [37]
miR-125a 124 1 ca.5 HCT-116 [36]
miR-214-3p 50 0 ca. 22 4T1 (miRNA from EV) [49]
Non-cancer cells
miR-128-1 60 A 0.5-1 dAnTGERRII T cells [65]
let-7i, miR-128 50 { 1.5-2 HEK?293 [35]
let-7b, miR-23a, miR-30e,
miR-96, miR-99a, miR-125a, 50 T 1.5-2 HEK?293 [35]
miR-146, miR-190, miR-199a*%,
miR-124a, miR-139,
MiR-152, miR-199b 50 T 2-2.5 HEK?293 [35]
miR-29b-1, miR-145a-5p, 60 1 225 dnTGERRII T cells [65]

miR-326-3p
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Table 1. Cont.

Effect Expression Change
miRNA Conc. [uM] Cell Line Ref.
[1/}1 Change-Fold
miR-181a 60 T 2.5-3 dnTGFRRII T cells [65]
miR-346-5 60 T 3-3.5 dnTGFRRII T cells [65]
Dominant negative TGF- receptor (AnTGFRRII). Please note that “*” is not a footnote indicator, but an essential
part of the name of the specific miRNA. More information regarding the miRNAs’ nomenclature can be found in
miRBase [68].
Table 2. The miRNA regulating activity levels in in vivo studies depending on the different
enoxacin concentrations.
Effect Expression Change:
miRNA Dose Tissue Ref.
[1/11 Change-Fold
. 10 mg/kg ca. 4.
miR-124 25 mg/kg T ca. 6
let-7a, miR-125a-5p ;(5) Eg tg 4 @ éé rat frontal cortex [66]
. 10 mg/kg ca. 19
miR-132 25 mg/kg T (for both doses)

. . human orthotopic thyroid
miR-30a-5p, miR-146b-5 15 mg/kg T 1.5-2 tumor from Cal62-luc mouse [39]
mIR-100-5p, miR-30-3p, g human orthotopic thyroid

miR-204-5 15 mg/kg T 225 tumor from Cal62-luc mouse (3]
miR-16, miR-18a*, miR-21,
miR-26a, miR-29b, miR-29c, 10 mg/kg 4 1.5-2 t“ﬁgiiﬁ"grﬁcﬁfim [36]
miR-31, miR-101, miR-193a &
miR-16, miR-29¢, miR-31, tumor from RKO
miR-101, miR-181a 10 mg/kg T 15-2 mouse xenograft [36]
. . tumor from HCT-116
miR-128, miR-212 10 mg/kg T 2-2.5 mouse xenograft [36]
miR-18a*, miR-21, miR-26a, tumor from RKO
miR-29b, miR-30a, miR-128 10mg/kg T 25 mouse xenograft [36]
let-7b, miR-7, miR-143, tumor from HCT-116

miR-181b, miR-125b 10mg/kg T 258 mouse xenograft [36]

let-7a, miR-7, miR-122,

miR-125a, miR-125b,

miR-126, miR-181b, 10 mg/kg 1 25-3 :ngsl;sfiznmol{ig [36]

miR-193a, miR-193b, &

miR-205, miR-212
let-7a, miR-30a, tumor from HCT-116
miR-122, miR-126 10mg/kg T 385 mouse xenograft [36]
. tumor from RKO
miR-143 10 mg/kg T 3-3.5 mouse xenograft [36]
miR-125a, miR-181a, tumor from HCT-116
miR-193b 10 mg/kg T 354 mouse xenograft (361
tumor from RKO
let-7b 10 mg/kg 0 4.5-5 mouse xenograft [36]
miR-205 10 mg/kg 4 45-5 tumor from HCT-116 [36]

mouse xenograft
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3. Cytotoxic Effects of Enoxacin Mediated by Other Mechanisms
3.1. Effect on Cancer Cells

Enoxacin affected cancer cells via various mechanisms (Figure 3). It induced apoptosis
in the human non-small-cell lung cancer lines H460 and A549 [69]. Growth inhibition
and various morphological changes, including cell shrinkage, membrane irregularity, chro-
matin condensation, nuclear fragmentation and apoptotic body formation, were observed in
H460 cells. Interestingly, growth inhibition was retained even after replacing the drug-free
medium [70]. Similar effects, including morphological changes and cell growth inhibition,
were observed in the human breast cancer MCF-7 cell line. The effect was dose-dependent
but not time-dependent. The flow cytometry analysis (FACS) showed that enoxacin caused
cell cycle arrest [71]. An investigation of ENX’s impact on the invasiveness of DU145 cells
confirmed its inhibitory nature. A study on HCT-116 and RKO cell lines also proved the
induction of cell cycle arrest [36]. ENX was also an inducer of apoptosis in the human
non-small-cell lung cancer cell lines H460 and A549, as well as in different prostate cancer
cell lines (DU145, LNCaP, VCaP, PC-3, 22Rv1, Co115). It caused G2/M cell cycle arrest in
hormone-responsive 22Rv1 and VCaP cell lines, while it caused an increase in the percent-
age of cells at late S and G2/M transition phases of castration-resistant DU145 and PC-3
cell lines [38]. A significant decrease in MMP and increases in cytochrome c release and
elevated caspase-3/9 activities were observed in PC-3 cells by Xu et al. Additionally, they
showed cleaved caspase-3, cleaved caspase-9, pro-apoptotic protein Bax and NOXA expres-
sion increases, as well as antiapoptotic protein Bcl-2 and MCL-1 expression decreases [72].
Another study confirmed that the anticancer activity significantly decreased the mitotic
index and increased the apoptotic index values of both HeLa and C33A human cervical
cancer cells. The apoptotic effect was much stronger when enoxacin was incubated with
epigallocatechin gallate [73].

The subjected fluoroquinolone affected Ewing sarcoma family tumor (ESFT) cells
in various ways. It effectively inhibited the growth of ESFT cells derived from primary
tumors, but only those that were CD133-positive. Interestingly, the inhibition occurred
only in cells cultured in spheres but not in those cultured in a monolayer. It also inhibited
the formation of ESFT cell spheres (with the exception of cells derived from a tumor
resistant to all conventional treatments), which could be considered as the inhibition of
self-renewal. Interestingly, ENX did not affect A673 ESFT cells or primary human pediatric
mesenchymal stem cells (hpMSCs) and had little effect on TC252 ESFT. [74]. Consistent
results were obtained by testing higher concentrations of enoxacin. A cytotoxic effect was
observed in A673, TC252 and STA-ET-8.2 cells. It also inhibited the growth of a tumor
originated from an injection of A673 or TC252 cells into mice [37]. Interestingly, enoxacin
showed an inhibitory nature towards cytochrome P450. It strongly inhibited the formation
of 1,3-dimethyluric acid in freshly isolated rat hepatocytes but did not cause significant
changes in rat liver microsomes [75]. The elevated levels of ER stress markers such as ATF6,
CHOP, GRP78 and IRE1 were observed in PC-3 cells after enoxacin treatment [72]. It was
proven that the drug caused the inhibition of the binding between vacuolar H"-ATPase
(V-ATPase) and microfilaments. The affected subunits of V-ATPase were B2 subunit [76]
and a3 subunit [77]. The proper function of V-ATPase is essential for osteoclast bone
resorption [78,79]. Increased expression of V-ATPase was found in a wide range of cancer
cell lines, while V-ATPase inhibitors decreased cancer cell invasiveness [80]. However,
knockout of the V-ATPase a2 isoform increased the invasiveness of breast cancer in a mouse
model [81]. Another mechanism of osteoclastogenesis inhibition by ENX was identified
as c-Jun N-terminal kinase (JNK) signaling suppression [82]. Interestingly, overexpression
of JNK has been observed in various cancers, and introducing JNK inhibitors resulted
in anticancer effects [83]. The above-mentioned mechanisms, such as impairment of the
mitochondrial dehydrogenase pathway (MTT assay), cytochrome P450 inhibition, the
inhibition of osteoclastogenesis, the inhibition of bone resorption and the inhibition of the
interaction between V-ATPase and microfilaments, were observed for clinically relevant
concentrations (up to ca. 10 pM) [84]. Surprisingly, despite the clear anticancer potential,
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there are no clinical trials regarding the anticancer activity of enoxacin according to the
information from publicly available databases [85-87]. However, there is promise for the
therapeutic application of ENX in bladder cancer due to the high urine drug concentrations
(ca.1000 pM) substantially exceeding IC50 in a bladder cancer cell line [88]. All details
regarding the other cytotoxic mechanisms and concentrations are summarized in Table 3.

o) o) o) o)
HN)j/ \fJ\NH HNJjb\\)LNH
o)\r\; N)*o o)\rlu h‘l’go
R R R R

cyclobutane thymine dimer s
formation o

( MEKK )

X

e

phototoxicity * cytochrom p450

(Type | photosensitization)

1 10, singlet oxygen
(ENX)

*
®
)

side
effect
1 H.0, .
(LZ-106)
prooxidative
0]

0 /\

invasiveness * F

E—r

~ I | OH V-ATP binding with microfilaments

(ENX + bis enoxacin)
N
(\ N7 NN
o
HN \) cell cycle arrest R
-G./M
( \ CH3 ’ - G, (only LZ-106)

Gz
G,
cell spheres . _ . Q

formation

morphological changes:

\ - cell shrinkage
cell growth * S - membrane irregularity
e_O .‘ - chromatin condensation
'. - nuclear fragmentation

- apoptotic body formation
[ oS
®s"
@

* ENX + derrivatives

Figure 3. A summary of anticancer mechanisms other than the dysregulation of miRNA biogenesis
mediated by enoxacin and its derivatives. Enhanced processes such as prooxidative activity and
the induction of apoptosis are marked in green. Inhibition is marked in red. Abbreviations: c-Jun
N-terminal kinase (JNK); vacuolar H"-ATPase (V-ATPase).

Interestingly, enoxacin also played a protective role in irinotecan therapy. It can
serve as a strong inhibitor of 3-glucuronidase-mediated SN-38-G deconjugation. SN-38
(7-ethyl-10-hydroxy-camptothecin) is a metabolite of Irinotecan. SN-38-G is conjugated in
the gastrointestinal tract with glucuronic acid, which prevents side effects of free SN-38,
e.g., diarrhea. Enoxacin exhibited the strongest inhibition of deconjugation among the other
tested agents [89]. Interestingly, enoxacin did not show significant changes in the human
lymphoma WTK-1 cell line, causing no genotoxicity even at a concentration exceeding
3000 uM [90].
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Table 3. Cytotoxic effects of enoxacin depending on the concentration in various cancer cell lines and
animal tissues.

Effect Conc. [uM] Cell Line/Tissue Ref.
31 A673 [74]
124 Wi-38, MRC-5 [36]
No cytotoxicity 20 HEK 293 [91]
5-100 Primary BMMs [82]
5-100 Raw 264.7 [77]
No genotoxicity 0-3121 WTK-1 [90]
Apontosis 62 NCI-H460 [70]
pPop 150 F460, A549 [69]
31-156 MCEF-7 [71]
Apoptosis, cell cycle arrest 20-80 Hela, C33A (73]
’ 124 DU145, LNCaP, VCaP, PC-3, [38]
22Rv1, Col15 g
124 HCT-116, RKO [36]
Cytotoxicity (PI) 78-312 A375 [48]
.. TC 252, Patient derived ESFT
Cytotoxicity (MTS) 31 spheres [74]
HCT-116, RKO, HepG2, SNU-1,
124 SNU-638, MDA-MB 231, MCEF-7, [36]
Cytotoxicity (MTT) H23, H1299, A549, MDA-MB-231,

y y HepG2, KGla, RAJI
124 A673, TC252, STA-ET-8.2 [37]
156 A375, Mel-Juso, Mel-Ho [48]
12.5-100 A549 [45]
Decreased invasiveness 124 DU145 [38]
Cytochrome P450 inhibition 10-1000 freshly isolated rat hepatocytes [75]
10; 100 Primary MMO [76]
Inhibition of osteoclastogenesis 10-100 Primary MMO, Raw 264.7 [77]
5;10; 50 Primary BMMs [82]
oy . 10; 25; 100 Primary MMO [76]
Inhibition of bone resorption 5. 10, 50 Primary BMMs 182]
Inhibition of the interaction between 10: 25: 100 rabbit muscle actin and the [76]

V-ATPase B-subunit and F-actin T Vma2p-MBP microfilaments
Inhibition of the interaction between
microfilaments and V-ATPase (a) B2-subunit 50 Primary MMO [77]
(b) a3-subunit

Impairment of JNK signaling 25 Raw 264.7 [82]

Abbreviations: propidium iodide (PI); Ewing sarcoma family tumor (ESFT); mouse marrow osteoclasts (MMO);
bone-marrow-derived macrophages (BMMs); maltose-binding protein (MBP); vacuolar H*-ATPase (V-ATPase).

3.2. Effects on Normal Cells

Enoxacin inhibited cell growth in a panel of cancer cell lines but not in normal cell
lines, including normal lymphocytes [36]. Fedorowicz et al. did not observe the cytostatic
effect of enoxacin on human embryonic kidney HEK 293 cells [91]. Moreover, ENX was
found to inhibit osteoclastogenesis and bone resorption in primary mouse marrow cells
and Raw 264.7 cells [76,77].

4. Phototoxicity
4.1. Mechanism and Effect on Cancer Cells

Enoxacin was found to enhance the cytotoxicity in vitro when cells were irradiated
with UVA light in comparison to cells treated with UVA alone (Table 4). The fluoroquinolone
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induces significantly more cyclobutane thymine dimers (Figure 4) and increases diol for-
mation while only slightly increasing 8-Oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo)
formation. However, lomefloxacin and norfloxacin induced much more thymidine dimers
than enoxacin. These results suggest that enoxacin induces type-I photosensitization, which
is the result of a direct reaction of the excited photosensitizers with DNA via either elec-
tron or hydrogen removal. On the other hand, the type-II photosensitization mechanism
involves energy transfer from triplet-excited quinolone to molecular oxygen. Both mecha-
nisms lead to the oxidation of guanine, which results in the formation of 8-oxodGuo [92].

@) )

HN \ NH
)\ /g
o) NH NH YO

Figure 4. Cyclobutane thymine dimers (thymine dimers).

Yamamoto et al. studied the phototoxicity level against HeLa cells using eight differ-
ent fluoroquinolones, and enoxacin exhibited almost the highest photocytotoxicity index.
Only ofloxacin performed at a higher level (a 2.3-fold higher index than enoxacin), while
gatifloxacin showed nearly 42 times lower photocytotoxicity than enoxacin. Sparfloxacin’s
index was almost equal to the enoxacin’s index [93]. Interestingly, enoxacin incubated to-
gether with 6-aminolevulinic acid (ALA) induced not only phototoxicity but also increased
ALA-induced protoporphyrin accumulation in human epithelial cervical cancer HeLa and
epidermoid carcinoma A431 cells [94]. A further investigation of the phototoxic mecha-
nism showed that the cytotoxic effect of the UVA irradiation of enoxacin-treated human
pancreatic cancer AsPC1 cells was diminished by incubation with histidine and NaNj3
(singlet oxygen scavengers), partially via incubation with mannitol (a hydroxyl radical
scavenger). The incubation with superoxide dismutase (a superoxide anion scavenger)
did not influence the enoxacin-UVA-treatment-induced apoptosis. This result suggests the
important role of singlet oxygen in enoxacin-induced photocytotoxicity [95]. Similar results
were obtained for the enoxacin—-UVA treatment of human promyelocytic leukemia HL-60.
This fluoroquinolone enhanced the cytotoxic effect of the UVA irradiation. An investigation
of different reactive oxygen species (ROS) scavengers showed that mannitol (a hydroxy
radical scavenger) and superoxide dismutase (a superoxide anion scavenger) did not affect
the apoptotic effects of the enoxacin—-UVA treatment. However, NaNj3 (a singlet oxygen
scavenger) significantly decreased the percentage of apoptotic cells. This supports the idea
of the role of singlet oxygen in enoxacin-induced photocytotoxicity [96].

Table 4. Phototoxic effects of enoxacin depending on the UVA irradiation dose in in vitro studies.

Effect UVA Irradiation Dose [J/cm?] Conc. [pM] Cell Line Ref.
Photosynthetization 3,6 62 The THP-1 cells from [92]
tumoral monocytes
Phototoxicity 43 45 HelLa [93]
Photohemolysis 20 3.1;31; 312 Sheep red blood cells [93]
DNA strand breaking 1.6 3.1;31; 312 pUC18 plasmid was [93]
apoptosis 4 100 HaCaT [97]
Increased
protoporphyrin 0.54 156-312 (with 1 mM ALA) HeLa [94]
accumulation and 0.54 312 (with 1 mM ALA) A431
photosensitivity
Apoptosis Approx. 0.84" 100 AsPC1 [95]
Apoptosis 0.84 200 HL-60 [96]

"~ The precise dose was not mentioned but irradiation parameters were the same as described in [80];
S-aminolevulinic acid (ALA).
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4.2. Mechanism and Effect on Normal Cells

Enoxacin caused photosensitization in human keratinocyte HaCaT cells, inducing
apoptosis, which was confirmed via fluorescence-activated cell sorting (FACS) analysis
and elevated caspase-3 levels [97]. Also shown was a dose-dependent photohemolytic
effect in sheep red blood cells. This was the second-strongest effect, lower only than the
ciprofloxacin-induced effect. Enoxacin also turned out to be the strongest plasmid pUC18
DNA strand breaker [93].

5. Enoxacin Derivatives and Their Anticancer Activity

Over the years, many attempts have been made to modify the chemical structure of the
fluoroquinolones in order to increase their antimicrobial activity or alter their profile of action.
Chemical modifications of enoxacin resulting in an increase in the cytotoxic potential were
carried out at the carboxyl group (position 3), the nitrogen atom (position 1) or at the nitrogen
atom of the piperazine substituent (position 7). There are many enoxacin diagrams describing
the importance of individual structural elements in the literature [98-100]. The information
relevant to the cytotoxic activity is summarized in the diagram below (Figure 5).

Figure 5. The essential structure requirements of enoxacin as an anticancer agent.

Dr. Zhiyu Li synthesized the enoxacin derivative by replacing the carboxyl group with
a 2,3-dihydro-1H-benzimidazole-5-carbonitrile system. The derivative was named LZ-106
(Figure 6) [69].

. . N/@CN

HN

Figure 6. Chemical structure of LZ-106.
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LZ-106 induced apoptosis via activation of the ROS-dependent DNA damage response
in NSCLC (non-small-cell lung cancer) in both cultured cells and in a xenograft mouse
model. The authors demonstrated that LZ-106 notably induced ROS overproduction
and DDR. Interestingly, additional evidence in their findings revealed that DDR and
apoptosis could be alleviated in the presence of an ROS scavenger, N-acetyl-cysteine
(NACQ), indicating ROS-dependent DDR involvement in the LZ-106-induced apoptosis.
This research not only offered a new therapeutic candidate for NSCLC, but also gave new
insights into the pharmacological research of quinolones [69].

In 2019, Yang et al. continued to investigate the mechanism of the cytotoxic activity
of LZ-106. They substantiated the involvement of P53 activation in intracellular ROS
generation upon LZ-106 treatment and related P53 to the ROS-induced viability inhibition
and apoptosis, which was presented in previous research. P53 was shown to play an
indispensable role in the upregulation of intracellular ROS in LZ-106-treated NSCLC cells
through ROS detection. The authors further identified the antiproliferation effect of LZ-106
in NSCLC cells exhibited through G1 phase cell cycle arrest with a cell cycle analysis, with
an expression analysis of the key proteins, and discovered that the cell cycle arrest effect
is also mediated by the induction of ROS in a P53-dependent manner. In addition, the
tumor-suppressive effect exhibited in vivo was demonstrated to be similar to that in vitro,
which requires the participation of P53. Thus, LZ-106 is a potent antitumor drug possessing
potent proliferation inhibition and apoptosis induction abilities through P53-dependent
ROS modulation both in vitro and in vivo [101].

In 2018, Vracar et al. showed that enoxacin and bis-enoxacin (Figure 7) stimulate 4T1
murine breast cancer cells to release extracellular vesicles that inhibit osteoclastogenesis.
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Figure 7. Structure of bis-enoxacin.

Bis-enoxacin (BE) did not induce apoptosis or inhibit 4T1 murine breast cancer cell
proliferation; however, it altered the release of extracellular vesicles and altered the miRNA
expression. It also increased the number of GW /P bodies. Both enoxacin and bis-enoxacin
at a concentration of 50 uM increased the number of GW /P bodies, but there were minimal
changes in microRNA levels. Extracellular vesicles (EVs) released from 4T1 cells treated
with 50 uM enoxacin or 50 pM bis-enoxacin stimulated the proliferation of RAW 264.7 cells,
and both drugs significantly inhibited osteoclastogenesis in calcitriol-stimulated mouse
marrow. EVs from 4T1 cells treated with enoxacin and bis-enoxacin displayed small
reductions in the amounts of miRNA-146a-5p and let-7b-5p. In marked contrast, miRNA-
214-3p, which has been shown to regulate bone remodeling, was increased 22-fold and
30-fold, respectively. We conclude that enoxacin and bis-enoxacin trigger in 4T1 cancer
cells the release of EVs that inhibit osteoclastogenesis [49]. Similarly to the parent drug,
bis-enoxacin induced the inhibition of osteoclast formation and bone resorption in primary
mouse bone morrow cells via the inhibition of the binding between the B subunit of V-
ATPase. Interestingly, the introduction of a bisphosphonate moiety increased the bone
binding affinity [102]. Another confirmed mechanism of osteoclast formation was the
interference of the JNK pathway in a rat model [103]. However, unlike ENX, its derivative
increased the caspase 3 activity in osteoclast-like cells [82].
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The introduction of 2-(5-chlorothiophen-2-yl)ethyl into the piperazine ring of enoxacin
(Figure 8) increases its cytotoxicity against various cancer cell lines (melanoma, breast,
epidermoid, colon, cervical and bladder carcinoma) compared to unmodified enoxacin.
Foroumadi et al. obtained four new derivatives of enoxacin [88].

O O

-

X OH
R =

R= O, NOH, NOMe or NOBn

Figure 8. General structure of enoxacin derivatives prepared by Foroumadi et al. [88].

The synthetized derivatives differ from each other in the modification of the structure
of an ethyl spacer. The introduction of oxygen into the ethyl spacer increased the cytotoxic
activity from 137-196 uM for enoxacin to 137-131 uM for the oxygen derivative, which was
a relatively minor change. The introduction of NOH or NOMe led to the strongest cytotoxic
activity vs. all tested cell lines, with a IC5y range for NOH of ca. 3-10 uM and a ICs( range
for NOMe of ca. 3-20 uM (depending on the cell line). A similar ICsy range of 2-14 uM for
NOBn derivatives was observed in melanoma, epidermoid, cervical and bladder carcinoma
cells. The ICs values of NOBn derivatives in other cell lines and those of oxygen in all
tested cell lines were much higher, but still significantly lower than the ICsy of unmodified
enoxacin. To sum up, the introduction of the 2-(5-chlorothio-phen-2-yl)ethyl moiety into the
4/ position of enoxacin increased the cytotoxicity of the compound; however, the strength
of the effect depended on the structure of the ethyl spacer. Introducing another nitrogen
atom (R = NOH, NOMe or NOBe) led to a significant increase in antitumor activity [88].

A series of enoxacin derivatives was formulated via the transformation of the carboxyl
group in the skeleton of N-methylenoxacin (position 3) to an aldehyde group, followed by
a direct reaction with N-arylhydrazinecarbothioamide (thiosemicarbazide) (CN106674220)
or subjected to a condensation reaction with methyl hydrazinodithioformate and next to a
nucleophilic substitution reaction with some N-alkylamines [104,105]. The structures of
the patented 4-aryl thiosemicarbazone and 4-alkyl derivatives of enoxacin are presented
below (Figure 9).

The obtained derivatives were tested for antitumor activity on cancer cell lines, includ-
ing Hep-3B (human liver cell line containing integrated hepatis B virus genome), PANC-1
(human pancreatic cancer cell line) and HL-60 (human leukemia cell line). The cytotoxic
activity against cancer cell lines was compared to that against a normal cell line—Vero
(from the kidney of a normal adult African green monkey).

The alkyl derivatives showed cytotoxicity within limits (ICsq 6.0-20.5 uM). The most ac-
tive derivative was the derivative with the cyclopropyl substituent in the tiosemicarbazide
part. Extending the alkyl substituent, especially above four carbon atoms, resulted in lower
cytotoxic activity. All derivatives were characterized by significantly lower cytotoxicity
against the normal Vero cell line (over 66.5 pM) [104].

The aryl derivatives, similar to the alkyl ones, were characterized by much higher
cytotoxicity compared to enoxacin, in the range of 2.7 to 33.5 uM. Derivatives 1la-5a and 7a
are characterized by more than two times lower cytotoxic activity compared to derivatives
6a and 8a—11a. The introduction of fluoro substituents to the phenyl ring or the replacement
of the phenyl substituent with pyridyl, furanyl and thiophenyl substituents increases the
cytotoxic activity. The most active compound was the derivative containing a pyridyl
substituent in the tiosemicarbazide part (ICsg 3.2-6.2 uM). In this case, all derivatives were
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also characterized by significantly lower cytotoxicity compared to the normal Vero cell line
(above 73.4 uM) [105].
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Figure 9. General structure of enoxacin alkyl (1-8) and aryl (la-11a) derivatives prepared by
Hu et al. [104] and Jiang et al. [105].

Chinese scientists have tested the cytotoxic activity of some rhodanine derivatives of N-
methylenoxacin (Figure 10). The methylated enoxacin in the reaction with hydrazine gave
hydrazide, which next was transformed into rhodanine derivatives. The newly synthetized
compounds were tested for antitumor activity on the cancer cell lines Hep-3B, PANC-1
and HL-60, and the Vero cell line was used as a normal cell line. The aryl derivatives with
a 1,3-thiazolidene-2,4-dione ring, similar to those previously tested, were characterized
by much higher cytotoxicity compared to enoxacin in the range of ICs 1.8-21.5 uM. The
derivatives numbered 1-4 are characterized by more than two times lower cytotoxic activity
compared to the derivatives numbered 5-10. The most active derivative was the derivative
containing a benzenesulfonamide substituent in the rhodanine part (10). In this case, all
derivatives were also characterized by a significantly lower cytotoxicity compared to the
normal Vero cell line (above 58.3 uM) [106].

Another patented derivative was a dimeric form of enoxacin. The 1-(N-enoxacin
amide)-enoxacin derivative (Figure 11) was obtained in three step sequence reactions: the
condensation of enoxacin hydrazine with nalidixic acid derivative, the introduction of a
piperazine ring and the final hydrolysis of a carboxylic group. The obtained compound
was characterized by cytotoxicity within the limits (3.6-7.6 uM) against the neoplastic cell
lines (Hep-3B, PANC-1, HL-60) and significantly lower cytotoxicity against the normal Vero
cell line (72.8 uM) [107].
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Figure 10. General structure of enoxacin alkyl derivatives prepared by Wang et al. [106].
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Figure 11. General structure of enoxacin alkyl derivatives prepared by Li et al. [107].
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6. Conclusions

Enoxacin is a multifaceted drug. It is not only an effective antibiotic but also a
promising anticancer agent. Unlike other fluoroquinolones, ENX exhibits extraordinary
cytotoxic mechanisms of action. The presence of a carboxyl group at the third carbon
atom, fluorine at the seventh carbon atom, as well as nitrogen at the eighth position of
naphyridine is crucial for the regulation of miRNA abundance. ENX has the potential
for the dysregulation of miRNA biogenesis by interfering with the PIWIL3 protein or
DHXO9 helicase, a part of the RNA-induced silencing complex (RISC), as well as the RISC-
loading complex proteins DICER and TRBP. Additionally, it induced an elevated number
of GW/P bodies. The alteration of those pathways was confirmed in the enoxacin-induced
cytotoxicity towards colorectal, breast, prostate, thyroid and Ewing’s sarcoma family (ESFT)
cancer cells. Changes in miRNA biogenesis resulted also in a decrease in inflammatory
response in mice, affecting the neurobiology, including in neuronal differentiation and
the inhibition of osteoclastogenesis. Another confirmed mechanism of osteoclast bone
resorption inhibition was the suppression of the JNK signaling pathway and binding
with V-ATPase subunits. Moreover, it has been described as a convenient tool for the
regulation of CRISPR-Cas9 activity. Another anticancer mechanism was the induction of
DNA damage by ROS stress generation. Enoxacin caused an induction of oxidative stress
by singlet oxygen but not by superoxide radicals. Interestingly, it induced morphological
changes, cell cycle arrest, growth inhibition, a decrease in invasiveness and apoptosis in
cancer but not in normal cells. The above findings give evidence for the use of enoxacin,
especially in bladder cancer therapy, where the achievable urine concentrations are far
higher than IC50 and can be maintained constantly for a long time period. Furthermore,
this type of cancer could be harnessed using two sources of enoxacin—urine and blood.

The modification of the piperazine ring or the carboxylic group resulted in enhanced
cytotoxicity comparing to free enoxacin. Some of the derivatives were proven to cause cell
cycle arrest and the induction of oxidative stress, while others dysregulated the levels of
miRNA. Interestingly, the LZ-106 derivative caused the formation of superoxide radicals,
in contrast to the parent drug. Unfortunately there are no clinical studies on enoxacin’s
anticancer activity, while the results from in vitro studies are scarce compared to other
fluoroquinolones.

Taken together, enoxacin has anticancer potential, and its modifications may bring
additional therapeutic benefits.
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8-oxodGuo 8-Ox0-7,8-dihydro-2'-deoxyguanosine

ALA d-aminolevulinic acid

amiRNAs artificial miRNAs

ATF6 activating transcription factor 6

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

BE bis-enoxacin

CHOP C/EBP homologous protein also knows as DNA

damage-inducible transcript 3
CSC cancer stem-like cells
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DDR
DICER
dnTGERRII
Drosha
EC50

EMT

ENX

ESFT

EVs

FACS

GW /P-bodies
IRE1
MCL-1
METTL3
miRNA
MMP2
mRNA
NAC
NOXA

NSCLC

piRNA

PIWIL3

Polll

pri-miRNA

Ran

RISC

ROS

sgRNA

SMER

SN-38

TLR

TRBP

V-ATPase

Cell Lines List

Human Cancer Cells
breast cancer

cervical cancer

colorectal cancer
epidermoid carcinoma
Ewing’s sarcoma family tumor (ESFT)
leukemia

liver cancer

lymphoma

melanoma

non-small cell lung
ovarian cancer

pancreatic cancer
prostate cancer

thyroid cancer

human non-cancer cells
embryonic kidney
keratinocyte

primary pediatric mesenchymal stem cells
animal cells

murine macrophage
murine breast cancer cells
African green monkey’s normal kidney cells

DNA damage response
endoribonuclease DICER
dominant negative TGF-§3 receptor
type Il RNase Drosha

effective concentration
epithelial-mesenchymal transition
enoxacin

Ewing’s sarcoma family tumor
extracellular vesicles
fluorescence-activated cell sorting
GW-Processing bodies
inositol-requiring enzyme 1
induced myeloid leukemia cell differentiation protein
methyltransferase-like 3
microRNA

matrix metalloproteinase-2
messengerRNA

N-acetyl-cysteine
phorbol-12-myristate-13-acetate-induced protein 1
also known as Noxa
non-small-celllungcancer
Piwi-interacting RNA

Piwi-like protein 3

polymerase II

primary transcript

GTP-binding nuclear protein Ran
RNA-induced silencing complex
reactive oxygen species
single-guide RNA

small-molecule enhancer of microRNA
7-ethyl-10-hydroxy-camptothecin
Toll-like receptor

TAR RNA-binding protein 2
vacuolar H+-ATPase

MCF7

HeLa, C33A

Co115, RKO and HCT-116
A431

A673, TC252, STA-ET-8.2
HL-60

Hep-3B

WTK-1

A375, Mel-Juso, Mel-Ho
H460, A549, PC9

A2780

AsPC1, PANC-1

DU145, LNCaP, VCaP, PC-3, 22Rv1, Col15
Cal62, TPC1, SW1736

HEK 293
HaCaT
hpMSCs

Raw 264.7
4T1
Vero



Cancers 2022, 14, 3056 20 of 23

References

1.  Idowu, T,; Schweizer, F. Ubiquitous Nature of Fluoroquinolones: The Oscillation between Antibacterial and Anticancer Activities.
Antibiotics 2017, 6, 26. [CrossRef] [PubMed]

2. Mitscher, L.A. Bacterial Topoisomerase Inhibitors: Quinolone and Pyridone Antibacterial Agents. Chem. Rev. 2005, 105, 559-592.
[CrossRef] [PubMed]

3. Wood, M.J. Tissue Penetration and Clinical Efficacy of Enoxacin in Respiratory Tract Infections. Clin. Pharmacokinet. 1989, 16,
38-45. [CrossRef] [PubMed]

4. Chin, N.X.; Neu, H.C. In vitro activity of enoxacin, a quinolone carboxylic acid, compared with those of norfloxacin, new
-lactams, aminoglycosides, and trimethoprim. Antimicrob. Agents Chemother. 1983, 24, 754-763. [CrossRef] [PubMed]

5. Paton, ].H.; Reeves, D.S. Fluoroquinolone Antibiotics. Drugs 1988, 36, 193-228. [CrossRef] [PubMed]

6.  Penetrex: Description. Available online: https://www.rxlist.com/penetrex-drug.htm (accessed on 14 June 2022).

7. Hooper, D.C.; Jacoby, G.A. Topoisomerase Inhibitors: Fluoroquinolone Mechanisms of Action and Resistance. Cold Spring Harb.
Perspect. Med. 2016, 6, a025320. [CrossRef] [PubMed]

8. Dalhoff, A. Selective toxicity of antibacterial agents—still a valid concept or do we miss chances and ignore risks? Infection 2021,
49, 29-56. [CrossRef]

9.  Felicetti, T.; Cecchetti, V.; Manfroni, G. Modulating microRNA Processing: Enoxacin, the Progenitor of a New Class of Drugs. J.
Med. Chem. 2020, 63, 12275-12289. [CrossRef]

10. Jadhav, A K.; Karuppayil, S.M. Molecular docking studies on thirteen fluoroquinolines with human topoisomerase II a and b.
Silico Pharmacol. 2017, 5. [CrossRef]

11.  Gao, F; Zhang, X.; Wang, T.; Xiao, ]. Quinolone hybrids and their anti-cancer activities: An overview. Eur. ]. Med. Chem. 2019, 165,
59-79. [CrossRef]

12.  Suaifan, G.A.R.Y,; Mohammed, A.A M. Fluoroquinolones structural and medicinal developments (2013-2018): Where are we
now? Bioorganic Med. Chem. 2019, 27, 3005-3060. [CrossRef] [PubMed]

13. Yadav, V.; Talwar, P. Repositioning of fluoroquinolones from antibiotic to anti-cancer agents: An underestimated truth. Biomed.
Pharmacother. 2019, 111, 934-946. [CrossRef] [PubMed]

14. Abdel-Aal, M.A.A.; Abdel-Aziz, S.A.; Shaykoon, M.S.A.; Abuo-Rahma, G.E.A. Towards anticancer fluoroquinolones: A review
article. Arch. Pharm. 2019, 352, 1800376. [CrossRef]

15. Lee, Y.; Kim, M.; Han, J.; Yeom, K.H.; Lee, S.; Baek, S.H.; Kim, V.N. MicroRNA genes are transcribed by RNA polymerase II.
EMBO J. 2004, 23, 4051-4060. [CrossRef] [PubMed]

16. Peng, Y.; Croce, C.M. The role of microRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef]

17.  MacFarlane, L.-A.; Murphy, PR. MicroRNA: Biogenesis, Function and Role in Cancer. Curr. Genom. 2010, 11, 537-561. [CrossRef]

18. Iwakawa, H.; Tomari, Y. Life of RISC: Formation, action, and degradation of RNA-induced silencing complex. Mol. Cell 2022, 82,
30-43. [CrossRef]

19. Zhang, R;; Jing, Y.; Zhang, H.; Niu, Y,; Liu, C.; Wang, J.; Zen, K.; Zhang, C.-Y,; Li, D. Comprehensive Evolutionary Analysis of the
Major RNA-Induced Silencing Complex Members. Sci. Rep. 2018, 8, 14189. [CrossRef]

20. Liu,J.; Rivas, EV,; Wohlschlegel, ].; Yates, ].R.; Parker, R.; Hannon, G.J. A role for the P-body component GW182 in microRNA
function. Nat. Cell Biol. 2005, 7, 1161-1166. [CrossRef]

21. Jakymiw, A.; Pauley, KM,; Li, S.; Ikeda, K,; Lian, S.; Eystathioy, T.; Satoh, M.; Fritzler, M.].; Chan, E.K.L. The role of GW/P-bodies
in RNA processing and silencing,. . Cell Sci. 2007, 120, 1317-1323. [CrossRef]

22. Fabbri, M.; Paone, A.; Calore, F,; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.; Mao, C.; Nuovo, G.J.; et al. MicroRNAs
bind to Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl. Acad. Sci. USA 2012, 109, E2110-E2116.
[CrossRef] [PubMed]

23. Calin, G.A.; Dumitru, C.D.; Shimizu, M.; Bichi, R.; Zupo, S.; Noch, E.; Aldler, H.; Rattan, S.; Keating, M.; Rai, K.; et al. Frequent
deletions and down-regulation of micro-RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proc. Natl.
Acad. Sci. USA 2002, 99, 15524-15529. [CrossRef] [PubMed]

24. Calin, G.A,; Croce, C.M. MicroRNAs and chromosomal abnormalities in cancer cells. Oncogene 2006, 25, 6202-6210. [CrossRef]
[PubMed]

25. Hayashita, Y.; Osada, H.; Tatematsu, Y.; Yamada, H.; Yanagisawa, K.; Tomida, S.; Yatabe, Y.; Kawahara, K.; Sekido, Y.; Takahashi, T.
A polycistronic MicroRNA cluster, miR-17-92, is overexpressed in human lung cancers and enhances cell proliferation. Cancer Res.
2005, 65, 9628-9632. [CrossRef] [PubMed]

26. Mavrakis, K.J.; Wolfe, A.L.; Oricchio, E.; Palomero, T.; De Keersmaecker, K.; McJunkin, K.; Zuber, J.; James, T.; Chang, K,;
Khan, A.A; et al. Genome-wide RNA-mediated interference screen identifies miR-19 targets in Notch-induced T-cell acute
lymphoblastic leukaemia. Nat. Cell Biol. 2010, 12, 372-379. [CrossRef]

27. Zhang, L.; Huang, J.; Yang, N.; Greshock, J.; Megraw, M.S.; Giannakakis, A.; Liang, S.; Naylor, T.L.; Barchetti, A.; Ward, M.R,; et al.
microRNAs exhibit high frequency genomic alterations in human cancer. Proc. Natl. Acad. Sci. USA 2006, 103, 9136-9141.
[CrossRef]

28. Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.; Rattan, S.; Bullrich, E;

Negrini, M.; et al. Human microRNA genes are frequently located at fragile sites and genomic regions involved in cancers. Proc.
Natl. Acad. Sci. USA 2004, 101, 2999-3004. [CrossRef]


http://doi.org/10.3390/antibiotics6040026
http://www.ncbi.nlm.nih.gov/pubmed/29112154
http://doi.org/10.1021/cr030101q
http://www.ncbi.nlm.nih.gov/pubmed/15700957
http://doi.org/10.2165/00003088-198900161-00007
http://www.ncbi.nlm.nih.gov/pubmed/2653694
http://doi.org/10.1128/AAC.24.5.754
http://www.ncbi.nlm.nih.gov/pubmed/6229216
http://doi.org/10.2165/00003495-198836020-00004
http://www.ncbi.nlm.nih.gov/pubmed/3053126
https://www.rxlist.com/penetrex-drug.htm
http://doi.org/10.1101/cshperspect.a025320
http://www.ncbi.nlm.nih.gov/pubmed/27449972
http://doi.org/10.1007/s15010-020-01536-y
http://doi.org/10.1021/acs.jmedchem.0c00510
http://doi.org/10.1007/s40203-017-0024-2
http://doi.org/10.1016/j.ejmech.2019.01.017
http://doi.org/10.1016/j.bmc.2019.05.038
http://www.ncbi.nlm.nih.gov/pubmed/31182257
http://doi.org/10.1016/j.biopha.2018.12.119
http://www.ncbi.nlm.nih.gov/pubmed/30841473
http://doi.org/10.1002/ardp.201800376
http://doi.org/10.1038/sj.emboj.7600385
http://www.ncbi.nlm.nih.gov/pubmed/15372072
http://doi.org/10.1038/sigtrans.2015.4
http://doi.org/10.2174/138920210793175895
http://doi.org/10.1016/j.molcel.2021.11.026
http://doi.org/10.1038/s41598-018-32635-4
http://doi.org/10.1038/ncb1333
http://doi.org/10.1242/jcs.03429
http://doi.org/10.1073/pnas.1209414109
http://www.ncbi.nlm.nih.gov/pubmed/22753494
http://doi.org/10.1073/pnas.242606799
http://www.ncbi.nlm.nih.gov/pubmed/12434020
http://doi.org/10.1038/sj.onc.1209910
http://www.ncbi.nlm.nih.gov/pubmed/17028600
http://doi.org/10.1158/0008-5472.CAN-05-2352
http://www.ncbi.nlm.nih.gov/pubmed/16266980
http://doi.org/10.1038/ncb2037
http://doi.org/10.1073/pnas.0508889103
http://doi.org/10.1073/pnas.0307323101

Cancers 2022, 14, 3056 21 of 23

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

O’Donnell, K.A.; Wentzel, E.A.; Zeller, K.I.; Dang, C.V.; Mendell, ].T. c-Myc-regulated microRNAs modulate E2F1 expression.
Nature 2005, 435, 839-843. [CrossRef]

Chang, T.C.; Yu, D.; Lee, Y.S.; Wentzel, E.A.; Arking, D.E.; West, KM.; Dang, C.V.; Thomas-Tikhonenko, A.; Mendell, ].T.
Widespread microRNA repression by Myc contributes to tumorigenesis. Nat. Genet. 2008, 40, 43-50. [CrossRef]

del C. Monroig, P.; Calin, G.A. MicroRNA and Epigenetics: Diagnostic and Therapeutic Opportunities. Curr. Pathobiol. Rep. 2013,
1,43-52. [CrossRef]

Thomson, ].M.; Newman, M.; Parker, J.S.; Morin-Kensicki, E.M.; Wright, T.; Hammond, S.M. Extensive post-transcriptional
regulation of microRNAs and its implications for cancer. Genes Dev. 2006, 20, 2202-2207. [CrossRef] [PubMed]

Karube, Y.; Tanaka, H.; Osada, H.; Tomida, S.; Tatematsu, Y.; Yanagisawa, K.; Yatabe, Y.; Takamizawa, J.; Miyoshi, S.;
Mitsudomi, T.; et al. Reduced expression of Dicer associated with poor prognosis in lung cancer patients. Cancer Sci. 2005,
96, 111-115. [CrossRef] [PubMed]

Dome, ].S.; Coppes, M.]. Recent advances in Wilms tumor genetics. Curr. Opin. Pediatr. 2002, 14, 5-11. [CrossRef]

Shan, G.; Li, Y;; Zhang, J.; Li, W,; Szulwach, K.E.; Duan, R.; Faghihi, M.A_; Khalil, A.M.; Lu, L.; Paroo, Z.; et al. A small molecule
enhances RNA interference and promotes microRNA processing. Nat. Biotechnol. 2008, 26, 933-940. [CrossRef] [PubMed]

Melo, S.; Villanueva, A.; Moutinho, C.; Davalos, V.; Spizzo, R.; Ivan, C.; Rossi, S.; Setien, F,; Casanovas, O.; Simo-Riudalbas, L.; et al.
Small molecule enoxacin is a cancer-specific growth inhibitor that acts by enhancing TAR RNA-binding protein 2-mediated
microRNA processing. Proc. Natl. Acad. Sci. USA 2011, 108, 4394-4399. [CrossRef] [PubMed]

De Vito, C.; Riggi, N.; Cornaz, S.; Suva, M.L.; Baumer, K.; Provero, P.; Stamenkovic, I. A TARBP2-Dependent miRNA Expression
Profile Underlies Cancer Stem Cell Properties and Provides Candidate Therapeutic Reagents in Ewing Sarcoma. Cancer Cell 2012,
21, 807-821. [CrossRef]

Sousa, E.J.; Graga, I; Baptista, T.; Vieira, EQ.; Palmeira, C.; Henrique, R.; Jerénimo, C. Enoxacin inhibits growth of prostate cancer
cells and effectively restores microRNA processing. Epigenetics 2013, 8, 548-558. [CrossRef]

Ramirez-Moya, J.; Wert-Lamas, L.; Riesco-Eizaguirre, G.; Santisteban, P. Impaired microRNA processing by DICER1 downregula-
tion endows thyroid cancer with increased aggressiveness. Oncogene 2019, 38, 5486-5499. [CrossRef]

Gioia, U.; Francia, S.; Cabrini, M.; Brambillasca, S.; Michelini, F.; Jones-Weinert, C.W.; d’Adda di Fagagna, F. Pharmacological
boost of DNA damage response and repair by enhanced biogenesis of DNA damage response RNAs. Sci. Rep. 2019, 9, 6460.
[CrossRef]

Abell, N.S.; Mercado, M.; Cafieque, T.; Rodriguez, R.; Xhemalce, B. Click quantitative mass spectrometry identifies PIWIL3 as a
mechanistic target of RNA interference activator enoxacin in cancer cells. J. Am. Chem. Soc. 2017, 139, 1400-1403. [CrossRef]
Yamashiro, H.; Siomi, M.C. PIWI-Interacting RNA in Drosophila: Biogenesis, Transposon Regulation, and beyond. Chem. Rev.
2018, 118, 4404-4421. [CrossRef] [PubMed]

Jiang, L.; Wang, W.J.; Li, Z.W.; Wang, X.Z. Downregulation of Piwil3 suppresses cell proliferation, migration and invasion in
gastric cancer. Cancer Biomark. 2017, 20, 499-509. [CrossRef]

Li,L,; Yu, C.; Gao, H.; Li, Y. Argonaute proteins: Potential biomarkers for human colon cancer. BMC Cancer 2010, 10, 38. [CrossRef]
[PubMed]

Cao, S.; Sun, R;; Wang, W.; Meng, X.; Zhang, Y.; Zhang, N.; Yang, S. RNA helicase DHX9 may be a therapeutic target in lung
cancer and inhibited by enoxacin. Am. J. Transl. Res. 2017, 9, 674-682.

Chou, C.-H,; Chang, N.-W.; Shrestha, S.; Hsu, S.-D.; Lin, Y.-L.; Lee, W.-H.; Yang, C.-D.; Hong, H.-C.; Wei, T.-Y.; Tu, S.-J.; et al.
miRTarBase 2016: Updates to the experimentally validated miRNA-target interactions database. Nucleic Acids Res. 2016, 44,
D239-D247. [CrossRef]

Hoffman, Y,; Pilpel, Y.; Oren, M. microRNAs and Alu elements in the p53-Mdm2-Mdm4 regulatory network. J. Mol. Cell Biol.
2014, 6, 192-197. [CrossRef] [PubMed]

Valianatos, G.; Valcikova, B.; Growkova, K.; Verlande, A.; Mlcochova, J.; Radova, L.; Stetkova, M.; Vyhnakova, M.; Slaby, O.;
Uldrijan, S. A small molecule drug promoting miRNA processing induces alternative splicing of MdmX transcript and rescues
P53 activity in human cancer cells overexpressing MdmX protein. PLoS ONE 2017, 12, e0185801. [CrossRef] [PubMed]

Vracar, T.C.; Zuo, |.; Park, ].S.; Azer, D.; Mikhael, C.; Holliday, S.A.; Holsey, D.; Han, G.; VonMoss, L.; Neubert, ].K.; et al. Enoxacin
and bis-enoxacin stimulate 4T1 murine breast cancer cells to release extracellular vesicles that inhibit osteoclastogenesis. Sci. Rep.
2018, 8, 16182. [CrossRef]

Chrzanowska, A.; Struga, M.; Roszkowski, P.; Kolinski, M.; Kmiecik, S.; Jalbrzykowska, K.; Zabost, A.; Stefariska, J.;
Augustynowicz-Kope¢, E.; Wrzosek, M.; et al. The Effect of Conjugation of Ciprofloxacin and Moxifloxacin with Fatty Acids on
Their Antibacterial and Anticancer Activity. Int. J. Mol. Sci. 2022, 23, 6261. [CrossRef]

Chrzanowska, A.; Roszkowski, P; Bielenica, A.; Olejarz, W.; Stepien, K.; Struga, M. Anticancer and antimicrobial effects of novel
ciprofloxacin fatty acids conjugates. Eur. ]. Med. Chem. 2020, 185, 111810. [CrossRef]

Dvorak, H.E. Leaky tumor vessels: Consequences for tumor stroma generation and for solid tumor therapy. Prog. Clin. Biol. Res.
1990, 354A, 317-330. [PubMed]

Yang, J.-S.; Lai, E.C. Alternative miRNA Biogenesis Pathways and the Interpretation of Core miRNA Pathway Mutants. Mol. Cell
2011, 43, 892-903. [CrossRef] [PubMed]

Maurin, T.; Cazalla, D.; Yang, ]J.-S.; Bortolamiol-Becet, D.; Lai, E.C. RNase IlI-independent microRNA biogenesis in mammalian
cells. RNA 2012, 18, 2166-2173. [CrossRef] [PubMed]


http://doi.org/10.1038/nature03677
http://doi.org/10.1038/ng.2007.30
http://doi.org/10.1007/s40139-013-0008-9
http://doi.org/10.1101/gad.1444406
http://www.ncbi.nlm.nih.gov/pubmed/16882971
http://doi.org/10.1111/j.1349-7006.2005.00015.x
http://www.ncbi.nlm.nih.gov/pubmed/15723655
http://doi.org/10.1097/00008480-200202000-00002
http://doi.org/10.1038/nbt.1481
http://www.ncbi.nlm.nih.gov/pubmed/18641635
http://doi.org/10.1073/pnas.1014720108
http://www.ncbi.nlm.nih.gov/pubmed/21368194
http://doi.org/10.1016/j.ccr.2012.04.023
http://doi.org/10.4161/epi.24519
http://doi.org/10.1038/s41388-019-0804-8
http://doi.org/10.1038/s41598-019-42892-6
http://doi.org/10.1021/jacs.6b11751
http://doi.org/10.1021/acs.chemrev.7b00393
http://www.ncbi.nlm.nih.gov/pubmed/29281264
http://doi.org/10.3233/CBM-170324
http://doi.org/10.1186/1471-2407-10-38
http://www.ncbi.nlm.nih.gov/pubmed/20146808
http://doi.org/10.1093/nar/gkv1258
http://doi.org/10.1093/jmcb/mju020
http://www.ncbi.nlm.nih.gov/pubmed/24868102
http://doi.org/10.1371/journal.pone.0185801
http://www.ncbi.nlm.nih.gov/pubmed/28973015
http://doi.org/10.1038/s41598-018-34698-9
http://doi.org/10.3390/ijms23116261
http://doi.org/10.1016/j.ejmech.2019.111810
http://www.ncbi.nlm.nih.gov/pubmed/2247496
http://doi.org/10.1016/j.molcel.2011.07.024
http://www.ncbi.nlm.nih.gov/pubmed/21925378
http://doi.org/10.1261/rna.036194.112
http://www.ncbi.nlm.nih.gov/pubmed/23097423

Cancers 2022, 14, 3056 22 of 23

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

Yang, J.-S.; Lai, E.C. Dicer-independent, Ago2-mediated microRNA biogenesis in vertebrates. Cell Cycle 2010, 9, 4455-4460.
[CrossRef]

Xu, Y,; Fang, F.; Zhang, J.; Josson, S.; St. Clair, W.H.; St. Clair, D.K. miR-17* Suppresses Tumorigenicity of Prostate Cancer by
Inhibiting Mitochondrial Antioxidant Enzymes. PLoS ONE 2010, 5, e14356. [CrossRef]

Yamakuchi, M.; Ferlito, M.; Lowenstein, C.J. miR-34a repression of SIRT1 regulates apoptosis. Proc. Natl. Acad. Sci. USA 2008,
105, 13421-13426. [CrossRef]

Wei, W.; Yang, Y.; Cai, J.; Cui, K,; Li, R,; Wang, H.; Shang, X.; Wei, D. MiR-30a-5p Suppresses Tumor Metastasis of Human
Colorectal Cancer by Targeting ITGB3. Cell. Physiol. Biochem. 2016, 39, 1165-1176. [CrossRef]

Zhang, ].; Zhang, Y.; Li, X.; Wang, H.; Li, Q.; Liao, X. MicroRNA-212 inhibits colorectal cancer cell viability and invasion by
directly targeting PIK3R3. Mol. Med. Rep. 2017, 16, 7864-7872. [CrossRef]

Gambeari, R.; Brognara, E.; Spandidos, D.A.; Fabbri, E. Targeting oncomiRNAs and mimicking tumor suppressor miRNAs: New
trends in the development of miRNA therapeutic strategies in oncology (Review). Int. J. Oncol. 2016, 49, 5-32. [CrossRef]
Nurzadeh, M.; Naemi, M.; Sheikh Hasani, S. A comprehensive review on oncogenic miRNAs in breast cancer. J. Genet. 2021,
100, 15. [CrossRef]

Penna, E.; Orso, E; Taverna, D. miR-214 as a Key Hub that Controls Cancer Networks: Small Player, Multiple Functions. ]. Investig.
Dermatol. 2015, 135, 960-969. [CrossRef] [PubMed]

Cao, M.; Seike, M.; Soeno, C.; Mizutani, H.; Kitamura, K.; Minegishi, Y.; Noro, R.; Yoshimura, A.; Cai, L.; Gemma, A. MiR-23a
regulates TGF-f-induced epithelial-mesenchymal transition by targeting E-cadherin in lung cancer cells. Int. J. Oncol. 2012, 41,
869-875. [CrossRef] [PubMed]

Khordadmehr, M.; Shahbazi, R.; Sadreddini, S.; Baradaran, B. miR-193: A new weapon against cancer. J. Cell. Physiol. 2019, 234,
16861-16872. [CrossRef] [PubMed]

Itoh, A.; Adams, D.; Huang, W.; Wu, Y.; Kachapati, K.; Bednar, K.J.; Leung, P.S.C.; Zhang, W.; Flavell, R.A.; Gershwin, M.E ; et al.
Enoxacin Up-Regulates MicroRNA Biogenesis and Down-Regulates Cytotoxic CD8 T-Cell Function in Autoimmune Cholangitis.
Hepatology 2021, 74, 835-846. [CrossRef]

Smalheiser, N.R.; Zhang, H.; Dwivedi, Y. Enoxacin elevates microRNA levels in rat frontal cortex and prevents learned helpless-
ness. Front. Psychiatry 2014, 5, 6. [CrossRef]

Huang, X.; Chen, Z.; Liu, Y. RNAi-mediated control of CRISPR functions. Theranostics 2020, 10, 6661-6673. [CrossRef]

miRBase miRNA’s Nomenclature. Available online: https://www.mirbase.org/help /nomenclature.shtml (accessed on 14 June 2022).
Yang, L.; Yuan, Y.; Fu, C.; Xu, X,; Zhou, J.; Wang, S.; Kong, L.; Li, Z.; Guo, Q.; Wei, L. LZ-106, a novel analog of enoxacin, inducing
apoptosis via activation of ROS-dependent DNA damage response in NSCLCs. Free Radic. Biol. Med. 2016, 95, 155-168. [CrossRef]
Mondal, E.R;; Das, S.K.; Mukherjee, P. Comparative evaluation of antiproliferative activity and induction of apoptosis by some
fluoroquinolones with a human non-small cell lung cancer cell line in culture. Asian Pac. ]. Cancer Prev. 2004, 5, 196-204.
Mukherjee, P.; Mandal, E.R.; Das, S.K. Evaluation of Antiproliferative Activity of Enoxacin on a Human Breast Cancer Cell Line.
Int. J. Hum. Genet. 2005, 5, 57-63. [CrossRef]

Xu, H.; Mao, M.; Zhao, R.; Zhao, Q. Enoxacin Exerts Anti-Tumor Effects Against Prostate Cancer through Inducing Apoptosis.
Technol. Cancer Res. Treat. 2021, 20, 153303382199528. [CrossRef]

McDonnell, A.M.; Pyles, HM.; Diaz-Cruz, E.S.; Barton, C.E. Enoxacin and epigallocatechin gallate (EGCG) act synergistically to
inhibit the growth of cervical cancer cells in culture. Molecules 2019, 24, 1580. [CrossRef] [PubMed]

Cornaz-Buros, S.; Riggi, N.; Devito, C.; Sarre, A.; Letovanec, I.; Provero, P.; Stamenkovic, I. Targeting cancer stem-like cells as an
approach to defeating cellular heterogeneity in Ewing sarcoma. Cancer Res. 2014, 74, 6610-6622. [CrossRef] [PubMed]

Brown, H.S.; Wilby, A.J.; Alder, J.; Houston, ].B. Comparative use of isolated hepatocytes and hepatic microsomes for cytochrome
P450 inhibition studies: Transporter-enzyme interplay. Drug Metab. Dispos. 2010, 38, 2139-2146. [CrossRef] [PubMed]

Ostrov, D.A.; Magis, A.T.; Wronski, T.J.; Chan, EKK.L,; Toro, EJ.; Donatelli, R.E.; Sajek, K.; Haroun, L.N.; Nagib, M.L;
Piedrahita, A.; et al. Identification of enoxacin as an inhibitor of osteoclast formation and bone resorption by structure-based
virtual screening. J. Med. Chem. 2009, 52, 5144-5151. [CrossRef] [PubMed]

Toro, E.J.; Zuo, J.; Ostrov, D.A.; Catalfamo, D.; Bradaschia-Correa, V.; Arana-Chavez, V.; Caridad, A.R.; Neubert, ].K.; Wronski, T.J.;
Wallet, S.M.; et al. Enoxacin directly inhibits osteoclastogenesis without inducing apoptosis. J. Biol. Chemn. 2012, 287, 17894-17904.
[CrossRef]

Toro, E.J.; Ostrov, D.A.; Wronski, T.J.; Shannon Holliday, L. Rational Identification of Enoxacin as a Novel V-ATPase-Directed
Osteoclast Inhibitor. Curr. Protein Pept. Sci. 2012, 13, 180-191. [CrossRef]

Baron, R; Neff, L.; Louvard, D.; Courtoy, PJ. Cell-mediated extracellular acidification and bone resorption: Evidence for a low
pH in resorbing lacunae and localization of a 100-kD lysosomal membrane protein at the osteoclast ruffled border. J. Cell Biol.
1985, 101, 2210-2222. [CrossRef]

Stransky, L.; Cotter, K.; Forgac, M. The function of v-atpases in cancer. Physiol. Rev. 2016, 96, 1071-1091. [CrossRef]

Katara, G.K,; Kulshrestha, A.; Mao, L.; Wang, X.; Sahoo, M.; Ibrahim, S.; Pamarthy, S.; Suzue, K.; Shekhawat, G.S.; Gilman-Sachs, A.; et al.
Mammary epithelium-specific inactivation of V-ATPase reduces stiffness of extracellular matrix and enhances metastasis of breast
cancer. Mol. Oncol. 2018, 12, 208-223. [CrossRef]


http://doi.org/10.4161/cc.9.22.13958
http://doi.org/10.1371/journal.pone.0014356
http://doi.org/10.1073/pnas.0801613105
http://doi.org/10.1159/000447823
http://doi.org/10.3892/mmr.2017.7552
http://doi.org/10.3892/ijo.2016.3503
http://doi.org/10.1007/s12041-021-01265-7
http://doi.org/10.1038/jid.2014.479
http://www.ncbi.nlm.nih.gov/pubmed/25501033
http://doi.org/10.3892/ijo.2012.1535
http://www.ncbi.nlm.nih.gov/pubmed/22752005
http://doi.org/10.1002/jcp.28368
http://www.ncbi.nlm.nih.gov/pubmed/30779342
http://doi.org/10.1002/hep.31724
http://doi.org/10.3389/fpsyt.2014.00006
http://doi.org/10.7150/thno.44880
https://www.mirbase.org/help/nomenclature.shtml
http://doi.org/10.1016/j.freeradbiomed.2016.03.007
http://doi.org/10.1080/09723757.2005.11885917
http://doi.org/10.1177/1533033821995284
http://doi.org/10.3390/molecules24081580
http://www.ncbi.nlm.nih.gov/pubmed/31013600
http://doi.org/10.1158/0008-5472.CAN-14-1106
http://www.ncbi.nlm.nih.gov/pubmed/25261238
http://doi.org/10.1124/dmd.110.035824
http://www.ncbi.nlm.nih.gov/pubmed/20847136
http://doi.org/10.1021/jm900277z
http://www.ncbi.nlm.nih.gov/pubmed/19630402
http://doi.org/10.1074/jbc.M111.280511
http://doi.org/10.2174/138920312800493151
http://doi.org/10.1083/jcb.101.6.2210
http://doi.org/10.1152/physrev.00035.2015
http://doi.org/10.1002/1878-0261.12159

Cancers 2022, 14, 3056 23 of 23

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Liu, X.; Qu, X;; Wu, C; Zhai, Z; Tian, B.; Li, H.; Ouyang, Z.; Xu, X.; Wang, W.; Fan, Q.; et al. The effect of enoxacin on
osteoclastogenesis and reduction of titanium particle-induced osteolysis via suppression of JNK signaling pathway. Biomaterials
2014, 35, 5721-5730. [CrossRef]

Wu, Q.; Wu, W.; Jacevic, V.; Franca, T.C.C.; Wang, X.; Kuca, K. Selective inhibitors for JNK signalling: A potential targeted therapy
in cancer. J. Enzyme Inhib. Med. Chem. 2020, 35, 574-583. [CrossRef] [PubMed]

Davies, B.I.; Maesen, EP.V.; Teengs, ].P. Serum and sputum concentrations of enoxacin after single oral dosing in a clinical and
bacteriological study. J. Antimicrob. Chemother. 1984, 14, 83-89. [CrossRef] [PubMed]

WHO'’s International Clinical Trials Registry Platform. Available online: https:/ /trialsearch.who.int/ (accessed on 9 June 2022).
EU Clinical Trials Register. Available online: https://www.clinicaltrialsregister.eu/ctr-search /search?query=enoxacin (accessed
on 9 June 2022).

Clinical Trials. Available online: https://clinicaltrials.gov/ct2/results?cond=&term=enoxacin&cntry=&state=&city=&dist=
(accessed on 9 June 2022).

Foroumadi, A.; Emami, S.; Rajabalian, S.; Badinloo, M.; Mohammadhosseini, N.; Shafiee, A. N-Substituted piperazinyl quinolones
as potential cytotoxic agents: Structure-activity relationships study. Biomed. Pharmacother. 2009, 63, 216-220. [CrossRef] [PubMed]
Kodawara, T.; Higashi, T.; Negoro, Y.; Kamitani, Y.; Igarashi, T.; Watanabe, K.; Tsukamoto, H.; Yano, R.; Masada, M.; Iwasaki, H.; et al.
The Inhibitory Effect of Ciprofloxacin on the 3-Glucuronidase-mediated Deconjugation of the Irinotecan Metabolite SN-38-G.
Basic Clin. Pharmacol. Toxicol. 2016, 118, 333-337. [CrossRef]

Itoh, T.; Mitsumori, K.; Kawaguchi, S.; Sasaki, Y.F. Genotoxic potential of quinolone antimicrobials in the in vitro comet assay and
micronucleus test. Mutat. Res.—Genet. Toxicol. Environ. Mutagen. 2006, 603, 135-144. [CrossRef]

Fedorowicz, ].; Saczewski, J.; Konopacka, A.; Waleron, K.; Lejnowski, D.; Ciura, K.; Tomasi¢, T.; Skok, Z.; Savijoki, K.; Morawska,
M.; et al. Synthesis and biological evaluation of hybrid quinolone-based quaternary ammonium antibacterial agents. Eur. ]. Med.
Chem. 2019, 179, 576-590. [CrossRef]

Sauvaigo, S.; Douki, T.; Odin, E; Caillat, S.; Ravanat, J.-L.; Cadet, J. Analysis of Fluoroquinolone-mediated Photosensitization
of 2’-Deoxyguanosine, Calf Thymus and Cellular DNA: Determination of Type-I, Type-II and Triplet-Triplet Energy Transfer
Mechanism Contribution. Photochem. Photobiol. 2001, 73, 230. [CrossRef]

Yamamoto, T.; Tsurumaki, Y.; Takei, M.; Hosaka, M.; Oomori, Y. In vitro method for prediction of the phototoxic potentials of
fluoroquinolones. Toxicol. Vitr. 2001, 15, 721-727. [CrossRef]

Ohgari, Y.; Miyata, Y.; Chau, T.T.; Kitajima, S.; Adachi, Y.; Taketani, S. Quinolone compounds enhance §-aminolevulinic
acid-induced accumulation of protoporphyrin IX and photosensitivity of tumour cells. J. Biocherm. 2011, 149, 153-160. [CrossRef]
Nishi, K.; Kato, M.; Sakurai, S.; Matsumoto, A.; Iwase, Y.; Yumita, N. Enoxacin with UVA irradiation induces apoptosis in the
AsPC1 human pancreatic cancer cell line through ROS generation. Anticancer Res. 2017, 37, 6211-6214. [CrossRef]

Shinada, H.; Watanabe, T.; Okudaira, K.; Iwase, Y.; Nishi, K.; Yumita, N. Apoptosis induced by ultraviolet a exposure in the
presence of enoxacin in HL-60 Cells. Anticancer Res. 2019, 39, 687-693. [CrossRef] [PubMed]

Kurita, M.; Shimauchi, T.; Kobayashi, M.; Atarashi, K.; Mori, K.; Tokura, Y. Induction of keratinocyte apoptosis by photosensitizing
chemicals plus UVA. J. Dermatol. Sci. 2007, 45, 105-112. [CrossRef] [PubMed]

Ezelarab, H.A.A.; Abbas, S.H.; Hassan, H.A.; Abuo-Rahma, G.E.-D.A. Recent updates of fluoroquinolones as antibacterial agents.
Arch. Pharm. 2018, 351, 1800141. [CrossRef] [PubMed]

Andersson, M.I; MacGowan, A.P. Development of the quinolones. J. Antimicrob. Chemother. 2003, 51, S1-S11. [CrossRef]
Domagala, ].M. Structure-activity and structure-side-effect relationships for the quinolone antibacterials. J. Antimicrob. Chemother.
1994, 33, 685-706. [CrossRef]

Yang, L.; Zhou, ].; Meng, E; Fu, C.; Zou, X,; Liu, J.; Zhang, C,; Tan, R;; Li, Z.; Guo, Q.; et al. G1 phase cell cycle arrest in
NSCLC in response to LZ-106, an analog of enoxacin, is orchestrated through ROS overproduction in a P53-dependent manner.
Carcinogenesis 2019, 40, 131-144. [CrossRef]

Toro, E.J.; Zuo, J.; Guiterrez, A.; La Rosa, R.L.; Gawron, A.].; Bradaschia-Correa, V.; Arana-Chavez, V.; Dolce, C.; Rivera, M.F,;
Kesavalu, L.; et al. Bis-enoxacin Inhibits Bone Resorption and Orthodontic Tooth Movement. J. Dent. Res. 2013, 92, 925-931.
[CrossRef]

Xu, Q.; Zhan, P; Li, X.; Mo, F; Xu, H,; Liu, Y,; Lai, Q.; Zhang, B.; Dai, M.; Liu, X. Bisphosphonate-enoxacin inhibit osteoclast
formation and function by abrogating RANKL-induced JNK signalling pathways during osteoporosis treatment. J. Cell. Mol. Med.
2021, 25, 10126-10139. [CrossRef]

Guoqiang, H.; Rui, W.; Xuemeng, W.; Tong, Y.; Na, W.; Ruizhi, S. N-Methyl Enoxacin Aldothiosemicarbazone Derivatives and
Methods of Making and Applications Thereof. CN106632324A, 7 September 2018.

Yaling, J.; Yangjie, L.; Shuping, L.; Guoqiang, H.; Huili, Z. N-Methyl Enoxacin Aldehyde-4-aryl Thiosemicarbazide Derivative,
and Preparation Method and Application Thereof. CN106674220A, 9 October 2018.

Yansong, W.; Guoqgiang, H.; Rui, W.; Qiang, Y.; Shumin, W.; Ni, L. N-Methyl Enoxacin (Rhodanine Unsaturated Ketone) Amide
Derivative, Preparation Method and Applications Thereof. CN106317051A, 31 August 2018.

Yonggqiang, L.; Zhenyu, S.; Zhi, Z.; Na, W.; Jiaojiao, S.; Bin, L.; Guogiang, H. 1-(N-Enoxacin Amide)-6-fluoro-7-piperazine-nalidixic
Acid Compound as well as Preparation Method and Application Thereof. CN108191890A, 28 June 2019.


http://doi.org/10.1016/j.biomaterials.2014.04.006
http://doi.org/10.1080/14756366.2020.1720013
http://www.ncbi.nlm.nih.gov/pubmed/31994958
http://doi.org/10.1093/jac/14.suppl_C.83
http://www.ncbi.nlm.nih.gov/pubmed/6594325
https://trialsearch.who.int/
https://www.clinicaltrialsregister.eu/ctr-search/search?query=enoxacin
https://clinicaltrials.gov/ct2/results?cond=&term=enoxacin&cntry=&state=&city=&dist=
http://doi.org/10.1016/j.biopha.2008.01.016
http://www.ncbi.nlm.nih.gov/pubmed/18328669
http://doi.org/10.1111/bcpt.12511
http://doi.org/10.1016/j.mrgentox.2005.11.003
http://doi.org/10.1016/j.ejmech.2019.06.071
http://doi.org/10.1562/0031-8655(2001)073&lt;0230:AOFMPO&gt;2.0.CO;2
http://doi.org/10.1016/S0887-2333(01)00089-3
http://doi.org/10.1093/jb/mvq126
http://doi.org/10.21873/anticanres.12071
http://doi.org/10.21873/anticanres.13164
http://www.ncbi.nlm.nih.gov/pubmed/30711946
http://doi.org/10.1016/j.jdermsci.2006.10.010
http://www.ncbi.nlm.nih.gov/pubmed/17141480
http://doi.org/10.1002/ardp.201800141
http://www.ncbi.nlm.nih.gov/pubmed/30048015
http://doi.org/10.1093/jac/dkg212
http://doi.org/10.1093/jac/33.4.685
http://doi.org/10.1093/carcin/bgy124
http://doi.org/10.1177/0022034513501876
http://doi.org/10.1111/jcmm.16949

	Introduction 
	Enoxacin as a Small-Molecule Enhancer of microRNA (SMER) 
	The miRNA Biogenesis 
	The Effect on Cancer Cells 
	TRBP-Dependent Cytotoxicity 
	PIWIL-3-Dependent Cytotoxicity 
	Other Consequences of Enoxacin-Mediated miRNA Dysregulation 

	The Effects on Non-Cancer Cells 

	Cytotoxic Effects of Enoxacin Mediated by Other Mechanisms 
	Effect on Cancer Cells 
	Effects on Normal Cells 

	Phototoxicity 
	Mechanism and Effect on Cancer Cells 
	Mechanism and Effect on Normal Cells 

	Enoxacin Derivatives and Their Anticancer Activity 
	Conclusions 
	References

