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Novel N-1 substituted fluoroquinolones inhibit human topoisomerase I
activity and exhibit anti-proliferative activity
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Summary
Fluoroquinolone-class agents selectively target the bacterial type IIA topoisomerases DNA gyrase and topoisomerase IV, with a few
exceptions that target eukaryotic type IIA topoisomerases. Fluoroquinolones bind and stabilize type IIA topoisomerase-DNA
covalent complexes that contain a double-strand break. This unique mode of action is referred to as ‘topoisomerase poisoning’.
We discovered that two novel fluoroquinolones having aryl functionality at the N-1 position, UITT-3-217 (217) and UITT-3-227
(227), could inhibit the catalytic activity of human topoisomerase II without stabilizing topoisomerase-DNA complexes, i.e., without
poisoning it. Surprisingly, these compounds are more effective in inhibiting the catalytic activities of human and bacterial topoisom-
erase I. The National Cancer Institute’s 60 human tumor cell lines screen revealed significant anti-proliferative activities with 217 and
227 against the majority of 60 cancer cell lines. A proof of concept in vivo efficacy study using an HT-29 xenograft model of human
colorectal cancer showed that 217 could inhibit the proliferation of human colorectal cancer cells to a degree comparable to
fluorouracil in mice. Although 227 also exhibited anti-proliferative activity, it was not as effective as 217 in this xenograft model.
These novel fluoroquinolones may serve as promising lead compounds for the development of new anticancer drugs.
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Introduction

DNA topoisomerases are responsible for controlling the topol-
ogy of DNA [1–3]. Human cells contain three types of

topoisomerases, type IA, type IB, and type IIA. Each class of
topoisomerases is structurally and biochemically conserved and
forms a large protein family [1–3]. Type IA topoisomerases
consist of topoisomerase III (Topo III), including the two
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isoforms of human Topo III, and bacterial topoisomerase I
(Topo I). Nuclear Topo I (hTopo I) and mitochondrial Topo I
in human cells are type IB topoisomerases. All type I
topoisomerases cleave one strand of duplex DNA, pass the
other strand through the nick, and then reseal the broken strand.
Type IA topoisomerases covalently attach the active-site tyro-
sine to a 5′-phosphoryl group and utilize the ‘strand passage’
mechanism to relax negative supercoils, whereas type IB
topoisomerases covalently attach the active-site tyrosine to a
3′-phosphoryl group and utilize the ‘swivel’ mechanism to re-
lax negative and positive supercoils [1–3]. Type IIA
topoisomerases include the two isoforms of human topoisom-
erase II (hTopo II), as well as bacterial DNA gyrase and topo-
isomerase IV. Type IIA topoisomerases cleave both strands of
duplex DNA, pass another segment of duplex DNA through
the double-strand break (DSB), and then reseal the broken
strands. Type IIA topoisomerases form phosphotyrosyl bonds
between the two active-site tyrosines and a pair of 5′-phos-
phates, and utilize the ‘strand passage’ mechanism to alter the
topology of DNA [1–3].

In recent years, many cancer-specific anticancer agents
have been developed and significant advances have been
made toward precision medicine in cancer treatment [4].
However, traditional or non-specific anticancer drugs are still
important for the treatment of patients whose cancers either do
not respond or have developed resistance to cancer-specific
anticancer agents. Thus, there is a need to develop novel an-
ticancer agents. Topoisomerases, especially type IIA
topoisomerases, are proven therapeutic targets of anticancer
and antibacterial drugs [2, 5–7]. Clinically successful hTopo II
inhibitors, such as etoposide, trap hTopo II-DNA covalent
complexes as hTopo II-drug-DNA ternary complexes. This
leads to an increase in the level of topoisomerase-catalyzed
DSB formation in cells. This unique mode of action is often
referred to as ‘topoisomerase poisoning’. Topoisomerase poi-
soning is also utilized by antibacterial drugs that target bacte-
rial type IIA topoisomerases, such as fluoroquinolones, and
anticancer drugs that target hTopo I, such as irinotecan [2,
5–7]. Topoisomerase poisoning is an effective cell-killing
mechanism but it also causes genotoxicities, including the
possibility of therapy-related acute myeloid leukemia [8].
Thus, there is an unmet need to identify new topoisomerase
inhibitors that act through a mechanism different from topo-
isomerase poisoning, which could allow for the development
of novel anticancer agents with improved efficacy and/or su-
perior safety profiles. Drugs with novel chemical structures
and/or new mechanisms might also be effective against the
cancers that are resistant to current topoisomerase-targeting
anticancer drugs.

Fluoroquinolones are best known as selective inhibi-
tors of bacterial type IIA topoisomerases, although some
fluoroquinolones, such as CP-115953, have been reported to
poison hTopo II [9]. During our studies on novel

fluoroquinolones with extended aryl functionality at the N-1
position, we discovered that N1-biphenyl fluoroquinolone
UITT-3-217 (217) and N1-napthyl fluoroquinolone UITT-3-
227 (227) could inhibit the catalytic activity of hTopo II without
poisoning it [10]. Here, we further assessed the activities of 217
and 227. Surprisingly, these fluoroquinolones inhibited the cat-
alytic activities of both eukaryotic and bacterial Topo Is. In fact,
they inhibited hTopo I activity more effectively than hTopo II
activity, and acted as a catalytic inhibitor, not poison, of hTopo I.
Furthermore, these compounds exhibited significant anti-
proliferative activities both in vitro and in vivo. Therefore, 217
and 227 represent novel chemical structures that inhibit both
hTopo I and hTopo II through amechanism different from topo-
isomerase poisoning, and may serve as promising lead com-
pounds for the development of a novel class of anticancer drug.

Methods

Synthesis of N-1 fluoroquinolones

Synthesis of 217 and 227 is described by Towle et al. [10].
The modifications made for a large-scale synthesis are de-
scribed in detail in the Supplemental Data.

Relaxation assay for eukaryotic topo I

Calf Topo I (cTopo I) purchased from Thermo Fisher
Scientific and hTopo I purchased from Topogen were used
in this study. One unit of Topo I was defined as the amount
of topoisomerase required to completely relax 0.3 μg of the
negatively-supercoiled pBR322 plasmid DNA under the con-
ditions described below.

Relaxation reaction mixtures (20 μL) contained 50 mM
Tris-HCl (pH 7.5 at 23 °C), 100 mM NaCl, 10 mM MgCl2,
1 mM dithiothreitol (DTT), 50 μg/ml bovine serum albumin
(BSA), 0.3 μg of the supercoiled plasmid DNA, 1 unit of
either human or calf Topo I, and the various concentrations
of fluoroquinolones [11]. Reaction mixtures were incubated at
37 °C for 15 min and terminated by adding ethylenediamine-
tetraacetic acid (EDTA) to 25 mM. The DNA products were
analyzed by electrophoresis through vertical 1.2% agarose
gels at 2 V/cm for 15 h in TAE buffer. Gels were stained with
0.5 μg/ml ethidium bromide, and then photographed and
quantified using aMyECL Imager (Thermo Fisher Scientific).

DNA cleavage assay for eukaryotic topo I

DNA cleavage reaction mixtures (20 μl) contained 50 mM
Tris-HCl (pH 7.5 at 23 °C), 10 mM MgCl2, 1 mM DTT,
50 μg/ml BSA, 0.3 μg of the supercoiled plasmid DNA,
10 units of either human or calf Topo I, and the various con-
centrations of fluoroquinolones [11]. Reaction mixtures were
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incubated at 37 °C for 15 min. Sodium dodecyl sulfate (SDS)
was added to a concentration of 1%, and the reaction mixtures
were further incubated at 37 °C for 5 min. EDTA and protein-
ase K were then added to 25 mM and 100 μg/mL, respective-
ly, and the incubation was continued for 30 min at 37 °C. The
DNA products were purified by extraction with phenol/chlo-
roform/isoamyl alcohol (25:24:1, v/v) and then analyzed by
electrophoresis through vertical 1.2% agarose gels at 2 V/cm
for 15 h in TAE buffer that contained 0.5 μg/mL ethidium
bromide. After destaining in water, gels were photographed
and quantified using a MyECL Imager.

The 60 human tumor cell lines screening

The 60 human tumor cell lines screening was performed at the
National Cancer Institute (NCI). Both one-dose and five-dose
screenings were performed with 217 and 227 using the proto-
col and 60 human cancer cell lines established at the NCI [12].
The GI50 value is the concentration of a compound resulting in
a 50% reduction in the net protein increase in control cells
during the drug incubation. The LC50 value is the concentra-
tion of a compound resulting in a 50% reduction in the mea-
sured protein at the end of the drug treatment as compared to
that at the beginning [12].

In vivo efficacy study

Forty female athymic nude, outbred mice (CRL strain code
490) at approximately 6–8 weeks old were used [n = 10 per
group for 4 test groups; vehicle, 217, 227, or fluorouracil (5-
FU)]. HT-29 human colon carcinoma cells in log phase
growth were injected subcutaneously into the right flank in a
solution of cell culture medium without FBS and with 40–
50% matrigel at a concentration of 0.5 to 1 × 106 cells in a
100 μL volume; tumors grew in all mice implanted with cells.
Six days post cell injection (day 0) individual mice were
assigned to groups to balance tumor volume among groups,

and then groups were randomized to treatment assignment
(restricted randomization). 217 and 227 stock solutions were
made in sterile DMSO, at a concentration of 50 mg/ml, and
stored at 4 °C. 217 and 227 for intraperitoneal (IP) adminis-
tration were formulated in sterile USP water (with a final
concentration of 4–6% DMSO), and the pH of the solution
was recorded for each batch of prepared drug. The dose level

Table 1 Activities 217 and 227 against type I topoisomerases

Compound Structure cTopo I hTopo I E. coli Topo I

217 32.2 0.01 26.0 ± 0.5 44.1 ± 0.1

227 66.6 0.4 43.7 ± 0.6 90.2 ± 7.5

UING-5-249 Noa Noa Noa

The IC50 values (the 50% inhibitory concentration,μM) of 217 and 227 against calf, human, and E. coliTopo Is were determined in the relaxation assays.
a No, no inhibition was detected when the relaxation assays were performed in the presence of 100 μM UING-5-249 [17], a control fluoroquinolone.

Fig. 1 217 and 227 do not poison either cTopo I or hTopo I. The DNA
cleavage assays were performed with either cTopo I (panel A) or hTopo I
(panel B). Assays were repeated at least three times and essentially
identical results were obtained. Representative results are shown here.
Camptothecin (C) was used as a control topoisomerase I poison
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was 30 mg/kg daily, a tolerated dose of these compounds for
repeat administration. The volume administered was 200 to
300 μL per dose, once daily. Dosing was initiated one day
post-randomization (day 1). 5-FU for IP administration was
formulated in sterile USP water. It is supplied as an aqueous
solution intended for dilution with a suitable parenteral fluid
prior to intravenous infusion. The volume administered was
200 to 300 μL per dose. Three doses of 60 mg/kg were ad-
ministered at a frequency of once every 7 days (days 1, 8 and

15 of study). The animal studies were approved by the
University of Minnesota Institutional Animal Care and Use
Committee.

Results and discussion

The structures of topoisomerase-fluoroquinolone-DNA ternary
complexes have shown that the N-1 substituent on the quino-
lone core is located near the active site tyrosine, and a hydro-
phobic pocket of the topoisomerase [13–15]. As part of our
efforts to create new fluoroquinolones with improved potency,
we designed and synthesized a panel of novel fluoroquinolones
with extended alkyl and aryl functionality at theN-1 position in
an effort to create an additional fluoroquinolone–topoisomerase
contact in ternary complexes [10]. During the initial character-
ization of these novel fluoroquinolones, we discovered that 217
and 227 could inhibit the catalytic activity of the α isoform of

Table 2 In vitro
anti-proliferative
activities of 217
and 227

Compound GI50 (μM) LD50 (μM)

217 1.9 36.3

227 3.1 70.8

Shown here are themean value of GI50 and
LD50 values against 60 cancer cell lines
determined by the five-dose screen of the
NCI’s 60 human cell lines screening [12]
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Fig. 2 217 and 227 can suppress
the proliferation of colon cancer
in vivo. The average tumor
volume (panel A) in the HT-29
colon cancer xenograft model was
measured during a 3-week treat-
ment with the daily, IP adminis-
tration of 217 and 227 at
30 mg/kg. Tumor weight (panel
B) was measured after the 3-week
treatment. Ten mice were used in
each treatment group
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hTopo II (IC50 values for 217 and 227 in a decatenation assay
were 127.6 μMand 164.6 μM, respectively) without poisoning
it [10]. Although their activities were modest, we decided to
further examine the activities of these compounds because of
the potential impact of discovering novel inhibitors of hTopo II
that did not generate DSBs.

217 And 227 inhibit the catalytic activity of type I
topoisomerases

In our attempt to perform a DNA unwinding assay [16] to
determine if 217 and 227 intercalate into DNA, we fortuitous-
ly discovered that 217 and 227 inhibited the relaxation activity
of cTopo I (Fig. S1). Because these results were unexpected,
we further assessed the activities of 217 and 227 against other
type I topoisomerases. Relaxation assays with either human or
Escherichia coli (E. coli) Topo I showed that both 217 and
227 could also inhibit the catalytic activities of these type I
topoisomerases (Table 1). In fact, both 217 and 227 inhibited
hTopo I activity to a greater extent than hTopo II activity.
DNA cleavage assays for eukaryotic (type IB) Topo I, where
the poisoning of Topo I would result in an increase in the
amount of the nicked DNA, showed that 217 and 227 did
not poison either calf or human Topo I (Fig. 1). These results
showed 217 and 227 were more effective catalytic inhibitors
of type IB topoisomerases than type IIA topoisomerases.

Fluoroquinolones are known to intercalate into DNA [18].
However, because 217 and 227 inhibited eukaryotic Topo I,
we could not conduct a DNA unwinding assay to determine if
these fluoroquinolones also intercalate into DNA. Thus, a thi-
azole orange displacement assay [19] was employed to exam-
ine if they can intercalate into DNA. Both 217 and 227 could
displace thiazole orange, suggesting that they intercalate into
DNA (Fig. S2). In fact, these fluoroquinolones displaced thi-
azole orange more efficiently than control fluoroquinolones
UING-5-249 [17] and moxifloxacin. These results demon-
strated that both 217 and 227 were capable of binding to
DNA in the absence of any topoisomerase. Therefore, 217
and 227 may intercalate into DNA and interfere with the cat-
alytic activities of topoisomerases.

Because 217 and 227, which have an extended aryl group
at the N1 position, inhibit hTopo I through a mechanism dif-
ferent from that used by typical fluoroquinolones, it is possible
that changes to the quinolone core structure can be made.
Studies are underway to determine the structural requirements
for this novel class of N1-substituted fluoroquinolone to in-
hibit catalytic activity of hTopo I.

217 and 227 exhibit anti-proliferative activities
in vitro and in vivo

Although the inhibitory effects of 217 and 227 on the catalytic
activity of both hTopo I and hTopo II were modest, we

considered the possibility that dual inhibition of hTopo I and
hTopo II might produce enough of a synergistic effect to more
potently inhibit the proliferation of cancer cells. To test this
possibility, 217 and 227 were submitted to the NCI for the 60
DTP Human Tumor Cell Line Screen to determine their anti-
proliferative activities in vitro [12]. The initial single-dose
(10 μM) screening showed significant growth inhibition by
both 217 and 227 and further evaluation of their activities
determined the mean GI50 values of 217 and 227 to be
1.9 μM and 3.1 μM, respectively, against the 60 cancer cell
lines (Table 2). COMPARE analysis (NCI) showed that the
GI50 values of both 217 and 227 are significantly lower than
that of etoposide, a hTopo II poison used in the treatment of
variety of cancers (Fig. S3). Thus, 217 and 227 exhibited
significant in vitro anti-proliferative activity against many hu-
man cancer cell lines.

The in vitro anti-proliferative activity of either 217 or 227
may be solely due to the catalytic inhibition of hTopo I, but it
is possible that a synergy may be produced through dual inhi-
bition of hTopo I and hTopo II. We cannot exclude the possi-
bility that these compounds inhibit the activity of additional
targets, including mitochondrial Topo I and/or human Topo
III, that have not been identified.

Because 217 and 227 exhibited significant anti-proliferative
activities in vitro, we conducted a proof of concept efficacy
study in vivo. First, we performed in vivo toxicity studies to
establish the maximum tolerated doses of 217 and 227 in mice.
Daily, IP administration of 217 and 227 at up to 30 mg/kg for
3 weeks was well-tolerated and did not have any significant
effect on animal weight gain (Fig. S4). Higher doses could
not be used due to the limited aqueous solubility of these com-
pounds. Based on the in vitro susceptibility to 217 and 227
(data not shown) and the availability of the established xeno-
graft models, we used a human colon cancer (HT-29) xenograft
model for the initial in vivo efficacy study. Since 5-FU is one of
the first line drugs used for colon cancer treatment [20], 5-FU
was used as a control drug. 217 inhibited the proliferation of
colon cancer in mice comparable to the effect of 5-FU (Fig. 2).
227 exhibited some activity but was not as effective as 217 in
this xenograft model.

217 and 227 represent novel chemical structures and new
mechanism to inhibit human topoisomerases. Successful
translation of these compounds and/or their analogs may lead
to the development of novel anticancer agents.
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