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Cancer is a disease receiving an outstanding input of
funds for basic and clinical research but is, neverthe-
less, still the second leading cause of death in the de-
veloped world and a great burden for health systems.
New drugs are therefore needed to improve therapy,
prolong survival of cancer patients and improve their
quality of life. The high cost of development and clini-
cal evaluation of new drugs limits the number that
actually enter clinical use. To overcome this problem,
repurposing of established drugs for new indications
has gained a lot of interest, especially in the field of
oncology. The well-established antimicrobial agent ni-
troxoline has been identified as a promising candidate
to be repurposed for cancer treatment in several inde-
pendent studies. Here we have reviewed a wide range
of molecular mechanisms and tumor models involving
nitroxoline in impairment of tumor progression. Fur-
thermore, nitroxoline was used as a lead compound for
structure-based chemical synthesis of new derivatives
in order to improve its potency as well as selectivity for
various targets. The potent antitumor activity of nitrox-
oline points strongly in the direction of its repurposing
for cancer treatment and to the benefits of this strategy
for patients and healthcare system.
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INTRODUCTION

Cancer is the second leading cause of death world-
wide. According to the World Health Organization
(WHO) it was responsible for 9.6 million of deaths in
2018 (WHO, 2019). Besides threatening health cancer
also has a significant social and increasing economic
impact (WHO, 2019). Despite advances in understand-
ing the processes and mechanisms involved in cancer
development and progression, together with a series of
new antitumor therapies involved in clinical practice in
the past decades, successful combat with cancer still re-
mains a challenge that needs to be addressed (Gupta ef
al., 2013).

One of the major problems of current conventional
anticancer therapies is the number of severe off target
effects that result in a decrease in the quality of life for
cancer patients (Shim & Liu, 2014). In addition, most of
the currently used anticancer drugs are highly expensive
providing minimal increase in the overall survival (Gupta
et al., 2013). Unfortunately, regardless of large invest-
ments in drug development, the number of new drugs
available on the matket has decreased over the past dec-
ade due to the increasing cost of their development (Ya-
dav & Talwar, 2019).

In contrast to de novo development of new medicines,
drug repurposing represents an alternative way of im-
proving success rate, shortening processing time and cut-
ting costs of cancer drug development (Sleire ¢z al., 2017,
Hernandez e7 al., 2017). Drug repurposing, also known as
drug repositioning, reprofiling, redirecting or retasking, is
a drug development strategy of finding new indications
for already licensed or failed drugs apart from its original
indication (Pantziarka e# al., 2014; Yadav & Talwar, 2019;
Sleire ¢t al., 2017; Hernandez ez al, 2017; Fong & To,
2019). The main advantage of repurposed drugs is that
they already have known and well-established toxicologi-
cal profiles, tolerability, pharmacokinetics and pharmaco-
dynamic data (Nowak-Sliwinska ez a/., 2019; Fong & To,
2019; Gupta e al., 2013; Sleire et al, 2017; Hernandez
et al, 2017). Furthermore, existing drugs have already
known dosing regimen, pharmacology and interactions
with other drugs (Nowak-Sliwinska e# 4/, 2019; Gupta ez
al., 2013; Sleire et al., 2017; Hernandez et al., 2017).

For these reasons drug repurposing reduces the
time frame and costs of development as well as allow-
ing quick translation into clinical trials, since preclinical
studies and formulation have already been performed.
Furthermore, due to the well-established dosing, safety
and toxicity profile of the existing drugs, drug repurpos-
ing usually raises fewer safety concerns and their use for
new indications is thus usually approved sooner and at a
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higher success rate (Fong & To, 2019; Gupta e/ al., 2013;
Sleire et al., 2017; Hernandez et al., 2017).

Drug repurposing for novel indication includes iden-
tification of potential drug candidates, a mechanistic
investigation of preclinical models, together with safety
and efficacy assessment in clinical trials (Fong & To,
2019; Hernandez ef al, 2017). The latter are, regardless
of previous usage, still necessary, when the drug is being
used or repurposed for a new indication, since the new
application may be accompanied by previously unknown
side effects (Sleire e al., 2017). As for already known and
used drugs, extensive data are available, especially for
pharmacokinetic and pharmacodynamic properties (Sleire
et al., 2017; Gupta et al, 2013) and, since such drugs
have already undergone preclinical and Phase I clinical
studies, they can be translated more rapidly into Phase 11
and Phase III clinical studies (Gupta e/ al, 2013). Ideal
candidates for drug repurposing are also compounds that
have undergone clinical trials where they were shown to
be safe, but have failed for other reasons (Hernandez ez
al., 2017).

Drug repurposing is of special interest, especially in
the field of oncology (Shim & Liu, 2014; Sleire ef al,
2017; Fong & To, 2019). Antitumor efficacy was shown
for a number of compounds from the wide range of
drug classes used for indications other than cancer treat-
ment. Examples of such drugs are thalidomide, metform-
in, acetylsalicylic acid, statins, raloxifene, tamoxifen and
many other, which displayed different molecular mecha-
nisms of antitumor activity (Sleire e# al, 2017). Different
strategies can be used to identify and implement current-
ly used drugs in order to repurpose for cancer treatment.
Repurposing for cancer treatment can be based either
on their well-known biological activity that points logi-
cally towards their anticancer treatment, i.e. drugs such
as thalidomide, acetylsalicylic acid, metformin, valproic
acid and others, or they can be identified from a set of
arbitrarily chosen drugs examined for their specificity for
defined cancer target such as nitroxoline and noscapine
(Gupta ef al., 2013).

In this review we have focused on and discussed the
possibilities of using the well-established antimicrobial
agent nitroxoline in cancer treatment, together with re-
viewing the mechanisms of its involvement in antitumor
activity. We also present an overview of new derivatives
prepared by focused chemical synthesis based on nitrox-
oline structure and available data relating to its interac-
tion with variety of targets in order to further improve
its antitumor action and also to explore the structural
requirements needed for its binding to different targets.

NITROXOLINE IN CLINICAL PRACTICE -
AN ANTIMICROBIAL AGENT

Nitroxoline (5-nitro-8-hydroxyquinoline) is a well-
established antimicrobial agent used for treatment and
prophylaxis of urinary tract infections. It was first de-
scribed in the fifties of the last century and then started
to be used as an antibiotic. Nitroxoline is active against
most Gram-negative and Gram-positive uropathogenic
bacteria, mycoplasmas (M. hominis, Ureaplasma urealyticuns)
and the human pathogenic Candida spp. Its antibacte-
rial activity against Acinetobacter spp., Enterococcus spp., and
Serratia spp. is variable while Pseudomonas spp. is consid-
ered to be resistant. Oral administration of nitroxoline
showed good safety with only a few tolerable side effects
(Naber ¢ al., 2014). Despite long time of its clinical use
still no increase of resistance of uropathogens against

nitroxoline has been observed. For example, nitroxoline
showed no decrease of activity against E. co/, regard-
less of their broad resistance profiles towards other an-
timicrobial agents used in clinical practice for treatment
of urinary tract infections (Kresken & Korber-Irrgang,
2014; Naber ¢ al., 2014).

The antimicrobial activity mode of action of nitroxo-
line is related mainly to its ability to chelate various biva-
lent metallic ions. It has been proposed that it interacts
with Mg?*, stabilizing the lipopolysaccharide molecules
that form the outer bacterial membrane. As a result, the
bacterial surface becomes more hydrophobic, decreasing
adherence to the catheter surface. The reduced antibac-
terial activity of nitroxoline in the presence of Mn?" and
Mg?*, but not of Ca?, Na* or K, also confirms this
mode of action (Pelletier ef al., 1995; Oviedo ez al., 2000;
Naber ez al., 2014). By chelating bivalent cations essen-
tial for RNA synthesis, nitroxoline selectively and rap-
idly inhibits RNA synthesis in yeast during cell division
(Fraser & Creanor, 1974; Naber e/ al., 2014). Moreover,
nitroxoline inhibits bacterial adhesin and the attachment
already in subinhibitory concentrations (Naber ez al,
2014). Additionally, nitroxoline has been identified as an
antibiofilm agent, since it is able of chelating Zn?" and
Fe?* from the biofilm matrix (Sobke ef al, 2012; Naber
et al., 2014). Bacterial biofilms constitute surface-attached
bacteria colonies that consist of slow-growing or non-
replicating bacteria that exhibit higher toleration of most
of the conventional antibiotics and are also, in many
cases, responsible for recurrence of infections and for
chronic infections (Abouelhassan ez al., 2017). Nitroxo-
line inhibits formation of Psexdononas aeruginosa biofilms
and induces dispersion of bacteria as well as reducing
the thickness of already established biofilms (Sobke ¢ al,
2012). Again, sub-inhibitory concentrations of nitroxo-
line are sufficient to inhibit biofilm formation and adhe-
sion of uropathogenic bacteria to uroepithelial cells and
urinary catheters (Sobke ez al., 2012; Kresken & Korber-
Irrgang, 2014).

Due to its long time use in clinical practice, the phar-
macokinetic and pharmacodynamic properties of nitrox-
oline are well established. It is administered orally, the
standard dose of nitroxoline used in treatment of urinaty
tract infections being 250 mg per 8h (Mrhar e/ al., 1979;
Wagenlehner ef al., 2014; Naber et al, 2014; Wijma ez
al., 2018). After administration, complete and rapid ad-
sorption of nitroxoline in the urinary tract was observed
(Wijma et al., 2018; Mrhar et al., 1979). Following adsorp-
tion, nitroxoline is excreted in the urine, either in uncon-
jugated or, more commonly, in metabolized conjugated
forms such as glucuronide or sulfate (Mrhar e# al, 1979;
Wagenlehner ¢ al., 2014; Naber ¢ al., 2014). The anti-
bacterial urinary activity of nitroxoline can be observed
soon after administration of a single dose. In urine, ni-
troxoline exhibits mainly bacteriostatic activity, its anti-
microbial activity being higher in acidic than in alkaline
urine (Wagenlehner 7 al., 2014; Naber e al., 2014).

Given the increasing problem of bacterial resistance
against most standard antibiotics, interest in the use of ni-
troxoline for treating infections has again increased over
recent years (Kresken & Korber-Irrgang, 2014; Naber
et al., 2014; Wagenlehner ez al, 2014). In a study where
the antimicrobial effect of different 8-hydroxyquinolines,
including nitroxoline, against a large number of micro-
organisms was evaluated, nitroxoline showed the most
potent activity against most Gram-negative bacteria and
was also effective against Gram-positive bacteria, exhib-
iting activity comparable to that of 8-hydroxyquinoline.
On the other hand, despite its ability to chelate bivalent
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cations, nitroxoline did not show antioxidative activity.
Of the different 8-hydroxyquinoline derivatives, one with
an amino group at position 5 was the most potent an-
tioxidant. The loss of antioxidant activity of nitroxoline
compared to that of other compounds can be attributed
to the presence of the strong electron withdrawing nitro
group at position 5. Nevertheless, these results indicate
that nitroxoline and its derivatives are suitable for use as
antimicrobial agents for indications other than treatment
of urinary tract infections (Cherdtrakulkiat ez a/., 2016).
The broad antimicrobial spectrum of nitroxoline and, in
general, the absence of resistance, was also observed in
a recent study where the susceptibility to nitroxoline was
tested against a large number of urinary clinical isolates,
including those exhibiting multidrug resistance (Sobke e7
al., 2018). Additionally, nitroxoline has been recognized
as exhibiting broad-spectrum biofilm eradication activity
against several human pathogens, including those resist-
ant to most other antimicrobial agents (Abouclhassan ez
al., 2017). Together these findings suggest novel applica-
tions for the use of nitroxoline in the treatment of bac-
terial infections (Cherdtrakulkiat ez 4/, 2016; Sobke e# al.,
2018; Abouelhassan ez al., 2017).

ANTITUMOR ACTIVITY OF NITROXOLINE

To date, there have been a number of reports describ-
ing nitroxoline antitumor activity (Fig. 1). For the first
time its antitumor activity was identified in a search for
Type 2 methionine aminopeptidase (MetAP2) inhibitors
as novel antiangiogenic agents by Shim and coworkers
(Shim ez al, 2010). Interestingly, nitroxoline was also
identified independently as a hit in a high-throughput
screen (HTS) of a commercially available compound li-
brary of 175000 compounds that was also screened for
identification of new MetAP2 inhibitors (Jiang ef al.,
2011).

Angiogenesis is the process of formation of new blood
vessels that is essential for the growth of primary solid
tumors beyond 1-2 mm in diameter. It enables spread
of tumor cells to distant sites and formation of metas-
tasis and tumor progression. Angiogenesis is a complex
multistep process that includes proliferation of endothe-
lial cells, degradation of extracellular matrix (ECM), mi-
gration of endothelial cells through remodeled ECM and
tube formation by endothelial cells (Dallinga ez al., 2018;
Sato, 2004). MetAP2 has been shown to play an impot-
tant role in endothelial cell proliferation (Ehlers ef al,
2016; Sato, 2004). MetAP2 is a ubiquitously expressed
intracellular metallopeptidase that catalyzes the removal
of N-terminal methionine during maturation of proteins
and polypeptides, facilitating their translocation from the
ribosomes (Mautiz ¢ al., 2010; Sato, 2004; Shim ez al.,
2010). It has been identified as an important molecular
target for angiogenesis inhibitors which are able to sup-
press endothelial cell proliferation (Sato, 2004).

Sirtuin-1 (SIRT1) is a member of the sirtuin (SIRT)
family, a group of the silent information regulator 2
(SIR2) family of nicotinamide adenine dinucleotide
(NAD)-dependent deacetylases (Lee e al., 2019; Brooks &
Gu, 2009). SIRT1 catalyzes the removal of acetyl groups
from different non-histone targets (Brooks & Gu, 2009).
The SIRT family consists of seven isoform members,
each having a different subcellular localization, enzymatic
activity and substrate specificity. SIRTs regulate a num-
ber of cellular processes including cell metabolism, cell
survival and DNA repair (Lee ¢ al, 2019). SIRT1 is pre-
dominantly a nuclear protein (Lee e/ al., 2019; Brooks &

Gu, 2009). During cancer progression it regulates histone
deacetylation (Liu ez al, 2009) and has an important re-
pressive effect on tumor suppressor p53 and other genes
involved in the stress response. It enables DNA repair
following DNA damage and opposes apoptosis induc-
tion (Brooks & Gu, 2009; Ota et al., 2007). By functional
interaction with p53 and other biological targets, SIRT1
delays cellular senescence and has an important function
in life span extension, DNA repair and cell cycle arrest
(Brooks & Gu, 2009; Ota et al, 2007; Liu et al., 2009).
It also blocks cell differentiation and stress induced apop-
tosis, while promoting cell growth, angiogenesis and va-
sodilatation (Liu ef al, 2009; Ota et al, 2007). Inhibition
of SIRT1 promotes premature senescence in endothelial
cells by upregulating the level of acetylated p53 (Ota e al.,
2007), resulting in inhibition of angiogenesis (Lee e al.,
2019). SIRT1 is, therefore, a promising target for inhibi-
tion of angiogenesis (Liu e/ al, 2009; Shim ez al., 2010).

The study of Shim and others (Shim ez al, 2010)
shows that nitroxoline is a potent inhibitor of MetAP2
in vitro, thus inhibiting endothelial cell proliferation and
tube formation, both 7z vitro and in wvive. Moreover, it
reduces tumor volume in breast cancer xenografts and
inhibits growth of bladder cancer as shown in an ortho-
topic mouse model. Further, nitroxoline inhibits SIRT1
and induces an increase in the level of acetylated p53.
Thus, nitroxoline is a dual inhibitor of MetAP2 and
SIRT1, with the synergistic effect of inducing senescence
and inhibiting HUVEC proliferation. It was therefore
suggested as a potent inhibitor of angiogenesis (Shim ef
al., 2010).

Independently, nitroxoline was identified as a potent
and reversible non-covalent inhibitor of cathepsin B in a
high-throughput screening followed by biological evalu-
ation of the best ranked compounds (Mirkovi¢ ez al,
2011).

Cathepsin B is a lysosomal cysteine peptidase that has
an important role in a number of physiological process-
es. Its dysregulation is associated with a variety of patho-
logical processes. During cancer progression, it acts as a
tumor promoting factor, contributing to the degradation
of ECM, a crucial step that promotes tumor migration
and invasion and enables metastasis and angiogenesis
(Kos et al., 2014; Mohamed & Sloane, 2006; Vasiljeva ez
al., 2007; Joyce & Hanahan, 2004). It can degrade ECM
proteins, cither directly or indirectly, via activation of
other peptidases downstream in a proteolytic cascade
(Roshy et al., 2003; Skrzydlewska ef al., 2005). The pres-
ence of the extra structural element, termed the occlud-
ing loop, designates cathepsin B as being unique among
cysteine cathepsins (Musil ez 4/, 1991; Nigler et al., 1997,
Wy ez al., 1997; Krupa ez al., 2002; Almeida ez al., 2001).
The conformation of the flexible occluding loop deter-
mines whether the enzyme acts as an endopeptidase or
as an cxopeptidase (carboxydipeptidase) (Nigler ez al,
1997; Krupa e al., 2002; Almeida e/ al., 2001). Using a
range of research tools including cathepsin B-specific in-
hibitors, siRNAs, and tumor mouse models deficient in
cathepsin B or overexperessing cathepsin B, cathepsin
B has been validated as a promising and druggable tar-
get for treating cancer (Mirkovi¢ ef al., 2015; Vasiljeva &
Turk, 2008; Gocheva ¢f al., 20006).

Nitroxoline inhibits cathepsin B endopeptidase activ-
ity selectively in the low micromolar range. The x-ray
crystal structure of the nitroxoline/cathepsin B complex
revealed that nitroxoline binds to the primed site of the
active site cleft. The aromatic quinoline rings fill the S2’
binding site of cathepsin B and the negatively charged
group interacts specifically with the positively charged
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Figure 1. Schematic representation of the molecular mechanisms of nitroxoline antitumor activity.
Nitroxoline inhibits tumor progression by impairing tumor invasion, migration and angiogenesis, as well as by inducing cell cycle arrest
and apoptosis.
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His110 and His111 groups from the occluding loop that
are essential for the binding of substrates to the active
site cleft (Mirkovi¢ e al, 2011). Using a wide range of
functional assays, it was shown that nitroxoline reduces
significantly the degradation of ECM, tumor cell inva-
sion and endothelial tube formation zz vitro in a number
of cell lines. Moreover, nitroxoline significantly abrogates
tumor growth and metastasis formation 7z vivo in tumor
mice models (Mirkovi¢ ez al., 2015).

Furthermore, nitroxoline, as an antitumor agent, was
shown to be more cytotoxic against human cancer cells
than other 8-hydroxyquinoline analogues. Its cytotoxicity
was enhanced by the addition of copper. In this study, it
was also shown that nitroxoline cytotoxicity is associated
with increase in reactive oxygen species, although it does
not affect intracellular zinc concentration as clioquinol
does (Jiang ez al., 2011).

Next, nitroxoline can act as an antiproliferative agent
against malignant glioma cells 7z vifro in a time and dose
dependent manner. Further, it induces cell cycle arrest
and apoptosis in a dose-dependent manner. At low dos-
es treatment with nitroxoline leads to GO/G1 cell-cycle
arrest, while higher doses result in apoptosis via the ex-
pression of caspase 3 and cleavage of poly(ADP-ribose)
polymerase (PARP). Increased apoptosis after nitroxo-
line treatment was also observed in the PTEN/KRAS
gliomas 7n vivo in a genetically engineered mouse glioma
model that spontancously developes grade III gliomas
(Lazovic et al., 2015). Here tumor volume was not in-
creased significantly in nitroxoline treated mice after 14
days of treatment and histological analysis showed larger
number of cells positive for deoxynucleotide transferase-
mediated dUTP nick-end labeling staining (TUNEL)
(Lazovic et al., 2015) that detects apoptotic cells that un-
dergo extensive DNA degradation during the late stages
of apoptosis (Kyrylkova et al, 2012) compared with the
control group, in which tumor volumes also were in-
creased significantly (Lazovic ef al., 2015).

Further, an effect of nitroxoline was also observed on
glioblastoma when the early therapeutic response was
monitored in a temozolamide (TMZ) resistant glioblasto-
ma multiforme mouse model, using amide proton trans-
fer (ATP) imaging as a novel method of imaging and
detecting an early therapeutic response in glioblastoma
patients (Kumari e/ a/., 2019).

Moreover, nitroxoline was found to induce apoptosis
in multiple myeloma (Mao ez al., 2017). Similar to that as
in glioma cells, treatment of multiple myeloma cell lines
with nitroxoline activated caspase 3 in a concentration-
dependent manner and caused cleavage and inactiva-
tion of PARP, as well as of deactivated survival proteins
such as Bcl-xL. and Mcl-1. Additionally, in multiple my-
eloma, nitroxoline was suggested to affect apoptosis by
concentration-dependent downregulation of a triple mo-
tf containing 25 (TRIM25)/p53 axle (Mao ¢ al., 2017).
The protein encoded by the TRIM25 gene is a member
of the tripartite motif (TRIM) family ubiquitin ligases.
It is an ubiquitously expressed cytoplasmic protein and
catalyzes the addition of ubiquitin moieties to the tar-
get protein (Heikel e al, 2016). TRIM 25 was originally
identified as an estrogen-responsive gene, but the pro-
tein has been found to be overexpressed in several types
of cancer including breast, ovarian, gastric and lung, in
which it has been implicated in cell proliferation (Heikel
et al., 2016; Qin et al., 2016). It was shown that nitroxo-
line treatment downregulates TRIM25 and upregulates
p53 levels since the decrease in TRIM25 prevented poly-
ubiquination and degradation of p53. However, nitroxo-
line did not affect the levels of PTEN (Mao ef al., 2017).

The effect of nitroxoline on cell-cycle arrest and apop-
tosis was also confirmed in prostate cancer cells (Chang
et al., 2015). Nitroxoline induced G1 cell-cycle arrest on
both hormone-sensitive and hormone-refractory prostate
cancers. It was suggested that nitroxoline treatment in-
duces G1 cell-cycle arrest in prostate cancer cells by in-
hibiting the cyclin D1-Rb-Cdc25A axis that is responsi-
ble for the progression of G1 phase of cell cycle. Treat-
ment with nitroxoline caused a time-dependent decrease
in the expression of cyclin D1 that is, together with its
catalytic partner Cdk4, the key player in G1 phase pro-
gression. Further, decrease in cyclin D1 results in lower
phosphorylation of Rb protein, a tumor suppressor re-
sponsible for the G1 checkpoint that blocks the entry
of cells to the S phase and to cell cycle progression. Ni-
troxoline also dectreases expression of Cdc25A protein, a
member of Cdc25 family of dual-specificity phosphatases
that is induced during the G1 phase and is required for
entry to the S phase. This study has shown that a key
function in the induction of apoptosis by nitroxoline in
prostate cancer is attributed to activation of the cell en-
ergy sensor and signal transducer AMP-activated protein
kinase (AMPK). Nitroxoline effects G1 cell-cycle arrest
via the cyclin D1-Rb-Cdc25A axis by activating AMPK,
which is a both concentration and time dependent step,
thus inhibiting the downstream effector mTOR signal-
ing pathway. In this pathway various cellular processes,
including transcription and translation, are regulated. It
is crucial for cell proliferation, growth, survival and me-
tabolism, and effects G1 cell-cycle arrest 2z the cyclin
D1-Rb-Cdc25A axis. Moreover, nitroxoline contributes
to cell apoptosis by inducing AMPK dependent activa-
tion of Chk2 that encodes a serine/threonine kinase that
coordinates cell responses to DNA damage (Chang ¢f al.,
2015). On the other hand, through the AMPK pathway,
nitroxoline also induces autophagy, resulting in a de-
creased effect on apoptosis (Chang ez al., 2015).

Nitroxoline was shown to reduce the viability of the
prostate cancer cells, RM9-Luc-PSA, LNCaP, DU145
and PC3 Xu e al, 2019). No significant toxicity, how-
ever, was observed in normal prostate cells, RWPE-1. In
mouse prostate cancer cells, RM9-Luc-PSA nitroxoline
also reduced cell proliferation and, in line with the pre-
vious study, induced cell cycle arrest, as shown by the
reduced number of cells in the GO/G1 phase and re-
duced expression of CDK2, CDK6 and cyclin D3. Fur-
thermore, nitroxoline inhibited the PI3K/Akt signaling
pathway in which levels of phospho-PI3 kinase, pAkt
(Thr308 and Ser473) and pGSK-33 were lower. Simi-
larly, as observed in multiple myeloma and in prostate
cancer cells, nitroxoline induced cell apoptosis and de-
creased expression of the apoptosis related proteins Bel-
2 and Bel-xL as well as increasing cleavage of the major
executive apoptotic enzyme, caspase-3, in RM9-Luc-pSA
cells. Nitroxoline also downregulated expression of pro-
grammed death-ligand 1 (PD-L1) in prostate cell lines
and in tumor tissue. The effect of nitroxoline on a mu-
rine orthotopic model of RM9-Luc-PSA prostate cancer
was evaluated together with the effect of PD-1 block-
ade. Concurrent therapy had a beneficial effect, resulting
in significantly lower tumor size and weight compared
with those in response to monotherapy. Combinational
therapy also had a better effect on cell proliferation and
microvascular density than did the monotherapy. Ad-
ditionally, combination therapy is also suggested to en-
hance antitumor immunity, causing increased numbers
of CD44+CD062L.+CD8+ memory T cells and a reduc-
tion in the number of immunosuppressive myeloid-de-
rived suppressor cells (MDSCs) in peripheral blood of
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C57BL/6 mice, although the same effect was not ob-
served when mice were treated with nitroxoline alone
Xu et al., 2019).

Decreased cyclin D1 mRNA expression was also ob-
served in human cholangiocarcinoma cell lines HuCCT1
and Huh28 following treatment with nitroxoline, using a
real-time polymerase chain reaction (qPCR). In contrast,
nitroxoline increased expression of p21 mRNA. In hu-
man cholangiocarcinoma cell lines HuCCT1 and Huh28,
nitroxoline reduced cell survival significantly and inhibit-
ed cell proliferation in a dose- and time-dependent man-
ner (Chan-On ef al., 2015).

Forkhead box protein M1 (FOXM1) has been also
recognized as target for nitroxoline antitumor activity
(Chan-On ez al, 2015). FOXM1 is an oncogenic tran-
scription factor belonging to the Forkhead box (FOX)
family, with a conserved winged-helix DNA-binding do-
main or forkhead domain (Bach e 4/, 2018; Koo e al.,
2012). Proteins from the FOX family play an important
regulatory role during embryogenesis and development
(Bach ef al., 2018) and are commonly upregulated in vari-
ous types of cancer (Bach e 4/, 2018; Koo ez al., 2012).
FOXMI1 is among the genes upregulated already during
the early stages of cancer development and participates
in cancer initiation, cell proliferation, cell cycle progres-
sion, cell differentiation, DNA damage repair, senes-
cence, tissue homeostasis, metabolism, cancer progres-
sion, invasion, angiogenesis and apoptosis. Moreover,
dysregulation of FOXMI1 is linked with the development
of cancer drug resistance (Koo e al, 2012; Bach ez al,
2018). Due to its regulatory role, during cancer progres-
sion FoxM1 constitutes an important target in cancer
treatment (Bach e 4/, 2018). Treatment with nitroxoline
at 20, 30 and 40 pM significantly reduced both FOXM1
mRNA and protein levels zz vitro on HuCCT1 cells in
dose- and time-dependent manners as was shown using
qPCR and western blot analysis. Moreover, decreased
mRNA expression in downstream target genes of
FOXMI1 including CENP-B, Cdc25B and cell surviving
was observed in HuCCT1 cells (Chan-On ¢f al., 2015).

In line with the previously noted studies, nitroxoline
significantly reduced cell migration of human cholan-
giocarcinoma cell lines HuCCT1 #n vitro, as shown in a
wound healing assay (Chan-On ¢ a/., 2015). In the same
study, the authors evaluated the expression of matrix
metalloproteinase (MMP)-2 and MMP-9 as important
enzymes involved in tumor cell migration and invasion,
whose expression is among others regulated by FOXM1.
Nitroxoline reduced expression of MMP-2 and MMP-9
in HuCC1 cells compared to untreated cells. This could
further explain the effect of nitroxoline on tumor cell
migration. In addition to regulating MMP-2 and MMP-9
expression through FOXM1 inhibition, direct interaction
of nitroxoline with the catalytic domains of MMP-2 and
MMP-9 is suggested in molecular docking studies (Chan-
On et al., 2015).

Furthermore, nitroxoline appeared as a hit in a drug
repurposing strategy (Jiang e al, 2017) that uses a bro-
modomain-containing protein 4 (BRD4)-specific score
based wvirtual screening protocol termed BRD4LGR
(Xing et al., 2017; Jiang et al., 2017).

BRD4 is a member of the bromodomain and extrater-
minal (BET) family of proteins, (Jung et al, 2015) that
contains two conserved tandem bromodomain motifs
(BD1 and BD2) (White e al., 2019; Fu e al., 2015; Jung
et al., 2015). It is expressed ubiquitously and is required
for maintenance of chromatin stability. It controls pro-
gression of the cell cycle. In cancer, BRD4 is dysregulat-
ed and contributes to changes in the chromatin remod-

eling and gene transcription that mediate tumorogenesis
(White ef al, 2019; Jung et al., 2015). By phosphoryla-
tion it stimulates RNA polymerase II and regulates the
transcription of various oncogenes that include c-Myc,
cyclin dependent kinase 6 (CDKO0), one of the essential
oncogenes in various types of cancer, and Bcl-2 (Jung ef
al., 2015). Together, changes in BRD4 in cancer result in
cell cycle arrest at the G1 phase and cell apoptosis.

Nitroxoline binds to the first bromodomain of BRD4
(BRD4_BD1), improving its stability. It has further
been shown to be a selective BET inhibitor, not affect-
ing other non-BET bromodomain containing proteins.
The mechanism of action and its specificity for BDR4
were accounted from the crystal structure of nitroxoline-
BRD4_BD1 complex. By inhibiting BRD4, nitroxoline
inhibits the proliferation of MLL leukemia cell lines
through the induction of G1 cell cycle arrest and apop-
tosis. Moreover, treatment with nitroxoline resulted in
dose-dependent repression of c-Myc, one of the down-
stream genes of the BET family (Jiang ef af., 2017).

Nitroxoline was recently shown to be an effective an-
titumor agent in both pancreatic and small-cell lung can-
cers (SCLC) (Veschi ez al., 2018; Yu et al., 2019). In both
cases, it impaired cell viability (Veschi ef al, 2018; Yu et
al., 2019), decreasing that of pancreatic cell lines AsPC-1,
Capan-2 and BxPC-3. It affected the cell cycle distribu-
tion, reducing the expression of the proteins cyclin D3
and cyclin B1 involved in the cell cycle. It also impaired
the clonogenic activity of all three cell lines (Veschi et
al., 2018). Its effect on the cell cycle following nitroxo-
line treatment was more evident at higher concentrations
(40 uM) (Veschi ez al, 2018). Its antitumor ability was
further improved when nitroxoline was used in combina-
tion with nelfinavir (Veschi ez al, 2018), a competitive
inhibitor of HIV aspartyl protease, and, in combination
with other antiretroviral drugs, in treating HIV infec-
tion (Moyle e7 al., 1998). Concurrent treatment with both
compounds resulted in a dose- and cell-dependent syn-
ergistic effect on cell viability, an effect on the cell cycle
and on the induction of apoptosis, further impairing the
clonogenic activity of pancreatic cell lines (Veschi ez al,
2018).

Further, in SCLC cell lines, nitroxoline effectively in-
hibited cell survival and induced cell apoptosis by sup-
pressing anti-apoptotic proteins such as Bcl-2 and Mcl-
1 and upregulating proapoptotic protein Bim (Yu ez al,
2019). The same proteins were identified as being af-
fected by nitroxoline in other types of cancer also (Mao
et al., 2017; Xu et al., 2019). Mechanistic studies revealed
that nitroxoline in SCLC significantly downregulates pro-
tein levels of the proto-oncogene human homologue of
mouse double minute 2 (MDM2) by inducing protease
degradation. As a result of MDM2 downtegulation by ni-
troxoline, p53 was upregulated (Yu ez 4/, 2019). MDM2
is an E3 ubiquitin ligase localized in the nucleus that is
overexpressed in a number of tumors, including SCLC,
and plays an important role in tumor development and
progression. MDM2 promotes tumor progression by
negatively regulating the well-known tumor suppressor
p53. MDM2 induces p53 degradation by promoting pol-
yubiquitination that induces proteasome degradation of
p53 (Yu et al., 2019; Javid e al., 2015; Michael & Oren,
2003; Rayburn ez al., 2005).

NITROXOLINE DERIVATIVES

To further improve nitroxoline antitumor activity a
number of novel derivatives with various substituents,
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(A) The structure of nitroxoline with the most important positions for structural modification indicated. (B) The nitroxoline derivatives
most potent for specific targets — compound 17 (Sosi¢ et al., 2013), compound 48 (Bhat et al., 2012) and compound BDF-1253 (Chen et

al., 2018).

using structure-based chemical synthesis, have been pre-
pared (Fig. 2).

Nitroxoline derivatives were prepared with the aim of
improving its activity against cathepsin B (Mirkovi¢ e al.,
2011; Sosic et al., 2013, 2018; Mitrovi¢ ez al., 2017). Eval-
uation of new compounds with structural modifications
on various positions of the nitroxoline scaffold revealed
the structural requirements for cathepsin B inhibition
(Mitkovi¢ et al., 2011; Sosi¢ et al., 2013, 2018; Mitrovic
et al., 2016, 2017). The nitro group at position 5 of ni-
troxoline was identified as essential for nitroxoline bind-
ing to cathepsin B, its absence resulting in loss of cath-
epsin B inhibition. Also, a hydroxyl group at position 8
on the nitroxoline scaffold is necessary for potent inhi-
bition of cathepsin B endopeptidase activity (Mirkovi¢
et al., 2011; Sosic et al., 2013). On the other hand, the
presence of a larger, saturated lipophilic substituent at
position 8 resulted in improved inhibition of cathepsin
B exopeptidase activity (Sosi¢ e# al., 2013; Mitrovi¢ et al.,
2016). From the crystal structure of nitroxoline-cathepsin
B complex it can be seen that the position 7 of nitroxo-
line ring is exposed towards the S17 subsite of cathep-
sin B that favors hydrophobic interactions. Substituents,
mostly lipophilic, were therefore made at that position.
(Sosic¢ et al., 2013). Moreover, absence of the ring nitro-

gen did not impair inhibition of the endopeptidase ac-
tivity of cathepsin B, while its exopeptidase activity was
improved when compared to that of the compounds
with the same substituents at other positions (Sosic e# a/.,
2013). Additional structural modifications of the nitroxo-
line scaffold revealed that, for effective binding into the
active site of cathepsin B, both rings are needed (Sosi¢ ef
al., 2018). Also, in most cases, addition of small substit-
uents at position 2 led to diminished inhibitory activity
and an additional nitro group at position 7 also resulted
in loss of cathepsin B inhibition (Sosi¢ ¢z al, 2018). Of
all the nitroxoline derivatives prepared, the compound
with a 2-(ethylamino)acetonitrile group at position 7 of
the nitroxoline scaffold (compound 17, Fig. 2) was the
most effective for cathepsin B inhibition. It exhibited an
8-fold increase in inhibition of cathepsin B endopepti-
dase activity over that of nitroxoline and was also selec-
tive for cathepsin B over cathepsins L. and H (Sosic¢ et
al., 2013). The compound was, therefore, evaluated fur-
ther for its antitumor activity (Sosic¢ e# al., 2013; Mitrovic
et al., 2017). It showed higher activity than did nitroxo-
line for inhibition of tumor cell invasion and migration
in vitro on cell lines in both two-dimensional and three
dimensional models as well as in 7z zivo on tumor mice
model compound 17 showed improved inhibition of
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tumor growth compared to the nitroxoline (Mitrovic ef
al., 2017). Taken together these results show that the ni-
troxoline scaffold can be used as a starting point for the
synthesis of novel compounds with improved pharmaco-
logical characteristics (Mitrovi¢ e# al., 2017).

A number of nitroxoline derivatives were then syn-
thesized and assayed in attempts to improve its antian-
glogenic activity. Structural modifications of 8-hydrox-
yquinoline scaffold led to compounds with increased
potency against human umbilical vein endothelial cells
(HUVEC) with different mechanisms of action, due not
only to their improved inhibition of MetAP2 and SIRT1.
In general, inhibition of HUVEC proliferation due to
specific inhibition of MetAP2, was observed following
the addition of amino substituents at position 7 of the
nitroxoline scaffold. Interestingly, minor structural modi-
fication of nitro group to nitroso led to increased inhibi-
tion of HUVAC proliferation. However, the mechanism
of action for this compound was also changed, since
this structural modification resulted in loss of inhibitory
activity against MetAP2 and also decreased the inhibi-
tion of SIRT1. Inhibition of HUVEC proliferation was
additionally increased on further reduction of the nitro
to an amino group while the activities of MetAP2 and
SIRT1 were still not affected. This indicates that this
structural modification results in a new mechanism of
action. Addition of long-chain alkyl substituents to the
amino group did not affect the inhibition of HUVEC
proliferation, while acetylation of amino derivatives in
general resulted in loss of activity for HUVAC prolifera-
tion and MetAP. The exception is the benzamide deriva-
tive, which displayed improved inhibition of SIRT1 and
higher potency against HUVEC proliferation compared
to that of nitroxoline and also inhibited MetAP1. Due
to moderate inhibition of MetAP1 the benzamide deriva-
tive was suggested to act also on other separate targets
beside SIRT1. Next, the 8-hydroxy group of nitroxoline
was identified as the only functional group in nitroxoline
whose derivatization does not reduce its bioactivity. Es-
terification of 8-hydroxy group of nitroxoline did not af-
fect the latter’s activity against HUVEC proliferation and
MetAP2, whereas a derivative with sulfamate at position
8 (Compound 48, Fig. 2) was an even more potent in-
hibitor of the proliferation of HUVEC and SIRT1 and
retained the same potency for inhibition of MetAP2 ac-
tivity as nitroxoline. It was also the most potent inhibi-
tor among these series of derivatives. However, when
the hydroxy group was transformed into a sulfonamide
group, new derivatives still inhibited HUVEC prolifera-
tion but lost their activity for MetAp2 and SIRT1 inhi-
bition. Taken together, small structural modifications of
nitroxoline scaffold resulted in a number of potent but
mechanistically distinct derivatives for endothelial cell
proliferation inhibition (Bhat e/ a/, 2012).

In addition a novel series of nitroxoline derivatives
with improved potency of inhibition of BET proteins
and that bound competitively to the BRD4-BD1, were
prepared (Chen e al., 2018; Xing et al., 2019). Structural
modifications of nitroxoline derivatives effective as BET
inhibitors (Chen et al, 2018; Xing et al., 2019) differed
from those reported for cathepsin B inhibition (Mirkovi¢
et al., 2011; Sosic et al., 2013, 2018; Mitrovi¢ et al., 2017).
Preparation of the first nitroxoline derivatives for BET
inhibition showed that, here, introduction of additional
hydroxyl group to the nitroxoline ring had a favorable
effect. Next, at the position 7 of nitroxoline scaffold, the
acetamide group had a beneficial effect, improving the
potency of new derivatives. Improvement in inhibition
was also observed if 8-hydroxyquinoline and smaller ring

at the position 4 were separated by a methylene group.
Addition of a third nitrogen atom into the smaller five-
membered ring decreased the potency of derivatives.
The crystal structures of BRD-BD1 and nitroxoline de-
rivatives complexes showed the formation of a hydro-
gen bond, important for binding between the inhibitor
and the enzyme. The most potent inhibitor (BDF-1253,
Fig. 2) efficiently suppressed the cell viability of RCC
cells 7n vitro, but only a little of non-tumor cells such as
HUVEC and RCTEC. Treatment with the compound
BDF-1253 resulted in reduced tumor size and c-Myc ex-
pression 7z vivo on an RCC xenograft mice model. The
new derivative also induced cell cycle arrest and apopto-
sis of RCC cell lines, as well as decreased mRNA levels
of downstream effectors of BRD4 which are associated
with cancer development, including c-Myc, Bcl-2 and
CDKG6 (Chen et al, 2018). In another study, a BRD4-
specific score based virtual screening protocol named
BRD4LGR was used to analyze the structure-activity
relationship (SAR) and derivative optimization of a se-
ries of nitroxoline derivatives with improved permeability
and physiochemical properties (Xing e al, 2019). Com-
pound analysis showed that, to retain activity, the ring
nitrogen should not be substituted. Similatly, as noted
for the first group of nitroxoline derivatives as BET
inhibitors, also in this series of derivatives substitution
at position 4 of the nitroxoline scaffold is suggested to
be essential for their binding affinity. Interestingly, the
binding modes obtained by residue-based BRD4LGR re-
vealed that substitution at position 2 decreases the pos-
sibility of the compound being a potent BRD#4 inhibitor,
since it disturbs the interaction between the 8-hydroxyl
group and the structural water molecules in the enzyme
structure. These compounds have been further opti-
mized in order to improve theit membrane permeability.
More hydrophobic groups were introduced to the hy-
droxyl group, in order to preserve hydrogen bonds with
a structural water molecule, that is crucial for BDR4
binding. Selected compounds showed improved antipro-
liferative capacity against BRD4 sensitive cancer cell lines
and downregulated c-Myc in a dose dependent manner
(Xing et al., 2019).

Organoruthenium complexes with nitroxoline (Fig. 2)
and its derivatives were identified as providing another
strategy for improving its antitumor activity. Enzyme ki-
netic and microscale thermophoresis data showed that
new organoruthenium derivatives of nitroxoline and
its derivatives inhibit both cathepsin B endo- and exo-
peptidase activity. Moreover, they significantly impaired
processes of tumor progression, such as degradation of
ECM and tumor cell invasion iz vitro in cell-based func-
tional assays at low, non-cytotoxic concentrations indi-
cating their action on specific target. Generally, metal-
lodrugs improved cathepsin B inhibition and decreased
both degradation of ECM and tumor cell invasion com-
pared to those of free ligands (Mitrovi¢ ef al., 2019).

The antitumor properties of nitroxoline could be fur-
ther improved by its incorporation into metal-organic
nanoparticles composed of bovine serum albumin (BSA),
Cu?* and nitroxoline as an anticancer agent (BSA/Cu/
NQ nanoparticles). Formation of nanoparticles improved
their cell uptake and internalization by cancer cells and
their distribution to lysosomes, increasing cytotoxic-
ity against mouse breast cancer cells 4T1 more than by
nitroxoline alone or by a complex of nitroxoline and
Cu(I). Further, metal-organic nanoparticles also im-
proved antitumor properties of nitroxoline in an ortho-
topic 4T1 breast cancer mouse model, without causing
systemic toxicity (Hu e al., 2018).
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Taken together, structure-based chemical synthe-
sis leads to a number of new derivatives with differ-
ent structural modifications of the nitroxoline scaffold.
Biochemical evaluation of new derivatives has helped in
understanding structure-activity relationships and have
demonstrated that different modifications are preferred
for different targets and that these findings could be
helpful for improving the selectivity of target therapy.
In addition to repurposing nitroxoline for use in anti-
cancer therapy, nitroxoline also constitutes a good lead
molecule for the development of new derivatives with
improved activity and selectivity towards selected targets.

CONCLUSION

The need for new and effective antitumor drugs with
less severe off-target effects, together with the aim of
decreasing the cost of their development and clinical
evaluation, increase the interest in already established
drugs and their repurposing for treatment of cancer.
Several independent studies have identified nitroxoline
as a very promising candidate for its repurposing from
antimicrobial use to antitumor treatment. The antitu-
mor activity of nitroxoline have been demonstrated on a
wide range of tumor models, and the different molecular
mechanisms of its action in impairing tumor progression
established. Moreovet, nitroxoline has also been used as
a lead compound in the development of new derivatives
with improved potency and selectivity for its targets.
In conclusion, the findings during the last decade have
increased attention for the use of nitroxoline as an an-
titumor agent. It is to be expected that further studies
will focus on clinical evaluation of its newly developed
application and demonstrate that the repurposing of old
drugs for anticancer treatment is an appropriate strategy
for obtaining more effective antitumor drugs.
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