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Purpose: Breast cancer is the most frequently diagnosed cancer globally, and the leading
cause of cancer-associated mortality among women. The efficacy of most clinical che-
motherapies is often limited by poor pharmacokinetics and the development of drug resis-
tance by tumors. In a continuing effort to explore small molecules as alternative therapies,
we herein evaluated the therapeutic potential of HH-N25, a novel nitrogen-substituted anthra
[1,2-c][1,2,5]thiadiazole-6,11-dione derivative.

Methods: We evaluated the in vivo pharmacokinetic properties and maximum tolerated
dose (MTD) of HH-N2S5 in rats. We also characterized the compound for in vitro and in vivo
anticancer activities and its inhibitory effects against DNA topoisomerases and hormonal
signaling in breast cancer. Furthermore, we used molecular docking to analyse the ligand—
receptor interactions between the compound and the targets.

Results: The maximum serum concentration (C,.y), half-life (t;, beta), mean residence
time (MRT), oral clearance (CL/f), and apparent volume of distribution (VD/f) of HH-N25
were 1446.67 = 312.05 ng/mL, 4.51 +£0.27 h, 2.56 + 0.16 h, 8.32 + 1.45 mL/kg/h, and 1.26 +
0.15 mL/kg, respectively, after single-dose iv administration at 3 mg/kg body weight. HH-
N25 had potent anticancer activity against a panel of human breast cancer cell lines with 50%
inhibitory concentrations (ICsg) ranging 0.045+0.01~4.21+0.05 pM. The drug also demon-
strated marked in vivo anticancer activity at a tolerated dose and prolonged the survival
duration of mice without unacceptable toxicities based on body weight changes in human
tumor xenograft models. In addition, HH-N25 exhibited a dose-dependent inhibition of
topoisomerase I and ligand-mediated activities of progesterone and androgen receptors.
Conclusion: HH-N25 represents a new molecular entity that selective suppressed TOP1 and
hormonal signaling, and shows potent antitumor activities in human breast cancer cells
in vitro and in vivo. HH-N25 thus represents a promising anticancer agent that warrants
further preclinical and clinical exploration.

Keywords: pharmacokinetic, anticancer activities, HH-N25, topoisomerase inhibition,
hormonal signaling

Introduction

Cancer, a major public health burden and the leading cause of global mortality,
achieved a global prevalence of 19.3 million and a mortality rate of approximately
10.0 million deaths in 2020."* With the trend of a 25%-per decade increase in
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prevalence rates, cancer was predicted to peak at up at
28.4 million cases by 2040.** Such an expanding rate was
predicted to occur due to increasing risk factors associated
with globalization and a growing economy in addition to
predisposing lifestyle and dietary factors.>> Female breast
cancer alone constituted 11.7% (2.3 million) of new cases
and was ranked as the most commonly diagnosed cancer
in 2020. With an estimated mortality rate of 6.9%, breast
cancer also topped the list of cancer-related deaths glob-
ally among women in 2020."*

Over the years, different therapeutic strategies, such as
immunotherapy, radiotherapy, surgery, and chemotherapy,
have been explored individually or in combination for
treating breast cancer.”’ However, the overall survival
rate of patients with this cancer is disappointing.® The
efficacy of most available clinical drugs and developed
anticancer small molecules is often limited by poor solu-
bility or stability, pharmacokinetics (PKs), and tumor drug
resistance.” ! In addition, the development of a secondary
the use of some

malignancy is associated with

chemotherapies.'” All these dilemmas associated with
available chemotherapeutic agents have necessitated the
search for alternative anticancer agents with good PK
properties capable of eliciting antitumor effects in vitro
and in vivo at tolerable doses."

Determining drug concentrations and dispositions in ani-
mals is important for understanding drug transport and PK/
pharmacodynamic relationships that can aid the process of
drug development.'* The transition from preclinical to clin-
ical drug development largely depends on preclinical toxicity
data in animals from initial Phase I drug dosing."” In modern
drug discovery, high-throughput screening tools are com-
monly employed to identify less-toxic drug candidates, and
standard toxicity criteria have limitations of identifying effi-
cacious doses and regimens.'*'® A greater reliance on PK
properties, such as drug clearance and the volume distribu-
tion in an animal, could provide a rationale for selecting
efficacious drug dosing regimens.'*'>

DNA topoisomerases (TOPs) are ubiquitous ribozymes,
which play pivotal roles in maintaining topological home-
ostasis within cells during DNA replication, transcription,
and chromosome segregation.'” TOP1 and TOP2 are the
two recognized TOPs, with TOP2A being the main isoform
of TOP2. TOP1 and TOP2A are oncogenic drivers that have
been implicated in the development and progression of var-
ious cancers, and could serve as attractive therapeutic targets
for anticancer agents.'® %2 Several TOP inhibitors, including
amsacrine, etoposide, and

Adriamycin, doxorubicin,

camptothecin, have been developed and are widely used in
clinical settings.”> %" However, the loss of tumor sensitivity
and undesirable adverse effects associated with the use of

these drugs™>°

counter their antitumor potentials and neces-
sitate a pursuit for novel TOP inhibitors.

Numerous preclinical studies have demonstrated the
potentials of small molecules for treating various cancers,®’”
37 via directly or indirectly modulating hormonal and onco-
genic signaling pathways. These low-molecular-weight com-
pounds may be associated with a more-favorable toxicity
profile than conventional cytotoxic chemotherapeutics.*® In
a continuing effort to explore small molecules for develop-
ment of drug candidates with potent anticancer activities at
tolerated doses, we herein demonstrated that HH-N25, a novel
anthra[ 1,2-c][1,2,5]thiadiazole-6,11-
dione derivative, has good PK properties suitable for in vivo

nitrogen-substituted

therapeutic applications. We report that HH-N25 had potent
antiproliferative activities against a panel of human breast
cancer cell lines and marked in vivo anticancer activities in
human tumor xenograft models. In addition, our study demon-
strated that HH-N25 mediated the inhibition of TOPI activities
and ligand-mediated activities of progesterone receptors (PRs)
and androgen receptors (ARs) in a dose-dependent manner.

Methods

Cell Lines and Cell Culture

Several breast cancer cell lines, including MCF7, MDB-
MB-231/ATC, HS 578T, T-47D, and MDB-MB-468, were
sourced from the US National Cancer Institute and cul-
tured in Dulbecco’s modified Eagle medium (DMEM)
containing 25 units/mL of penicillin, 25 units/mL of strep-
tomycin, and 10% fetal bovine serum (FBS) at 37°C in
a 5% CO, and 95% humidity incubator. Culture media
were replaced after 72 h, and cells were subcultured until
70%~80% confluence was achieved.

Drugs, Chemicals, and Enzyme Kits

HH-N25 was synthesized through an established protocol in
our lab,* while paclitaxel was procured from Selleckchem
(Houston, TX, USA). TOPI and TOPII, supercoiled pRYG
DNA, supercoiled pHOT1 DNA, camptothecin, and etopo-
side were purchased from TopoGEN. All other reagents and
chemicals including DMEM (Gibco-Invitrogen, Grand
Island, NY, USA), Matrigel (BD Biosciences, USA),
Cremophor EL (Sigma, St. Louis, MO, USA), FBS
(Hyclone, Logan, UT, USA), dimethylacetamide (DMA;
Sigma),

estradiol cyclopentyl propionate (Estol-depot
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injection, Astar, Taipei City, Taiwan), and phosphoric acid
(Wako, Japan) were procured from reputable manufacturers.

Sulforhodamine B (SRB) Assay

The SRB assay protocols®® were used to evaluate the
effect of HH-N25 on breast cancer cell viability. Cells
were seeded in wells of a 96-well plate for 24 h. After
additional incubation with HH-N25 (0, 0.1, 1.0, 10, and
100 uM), cells were washed and fixed with 10% trichlor-
oacetic acid (TCA), while 0.4% SRB dye was added to
stain the cells. Unbound dye was washed away with acetic
acid (1%). The plates were air-dried, the contents were re-
solubilized in 20 mmol/L Tris-base, and the absorbance
was read at a wavelength of 570 nm.

DNA TOPI and TOPII Assays

The TOP assay kits (TopoGEN, USA) were used for the
analysis of DNA TOPI and TOPII activities as described in
previous studies.'®*'** For TOPI, 0.5 ug of plasmid
pHOT DNA was incubated with 4 units of recombinant
human DNA TOPI (TopoGEN) in relaxation buffer (10
mM Tris-HCI at pH 7.9, 1 mM EDTA, 0.15 M NaCl,
0.1% bovine serum albumin (BSA), 0.1 mM spermidine,
and 5% glycerol). For TOPII activity, 4 units of human
TOPII were incubated with 0.5 ug of supercoiled pRYG
DNA in cleavage buffer (50 mM KCl, 30 mM Tris-HCI at
pH 7.8, 10 mM MgCl,, 15 mM mercaptoethanol, and 3
mM ATP), in the presence of varying concentrations of
test compounds. Varying concentrations of HH-N25 were
added to each of the reaction mixtures and incubated at
37°C for 60 min. The reaction was terminated by the
addition of 1% sodium dodecyl sulfate (SDS) and 50 pg/
mL proteinase K and then subjected to electrophoresis
through a 0.8% agarose gel containing 0.5 mg/mL ethi-
dium bromide in TBE buffer (90 mM Tris-borate and 2
mM EDTA). Gels were stained with ethidium bromide and
photographed under UV light. Camptothecin (50 uM) and
etoposide (VP-16) (50 uM) were, respectively, used as the
positive controls for TOPI and TOPII.

In vivo PK Studies

Male Sprague-Dawley Great White rats (7 weeks) were
obtained from Lesco Biotechnology. HH-N25 was adminis-
tered to the rats at 3.0 mg/kg body weight (BW) (1.25 mL/kg
BW) by an intravenous (iv) injection using a formulation of
0.5% (w/v) methylcellulose and 0.1% Tween-20. Blood (20
puL) was taken from the tail of each rat at 0.08 (5 min), 0.25,
0.5,1.0,2,4, 6,8, 10, and 24 h post-injection. Blood samples

were centrifuged at 5000 rpm for 10 min, separated plasma
samples were collected, and amounts of HH-N25 were quan-
tified by internal standardization, protein precipitation, and
high-performance liquid chromatography (HPLC)-tandem
mass spectroscopy (MS/MS).** Various PK parameters,
such as the peak drug concentration (Cpay), time of peak
concentration (T ,.x), elimination half-life (t;/,), area under
the concentration-time curve (AUC), and mean residence
time (MRT), were computed by a non-compartmental analy-
sis using WinNonlin software (Standard edition vers. 2,
Pharsight, Mountain View, CA, USA).

Determination of the Maximum Tolerated
Dose (MTD) of HH-N25

To estimate the appropriate dose level for the anticancer
study, the MTD of HH-N25 was determined in BALB/c
nude mice (three per group) by intraperitoneal (i.p.) admin-
istration of HH-N25 at various concentrations of 0, 5, 10, 20,
30, and 60 mg/kg BW in a 10-day toxicity study. MTD is
defined as the highest concentrations that causes no more
than a 10% BW decrement compared to an appropriate
control group and produces no mortality or external signs
of toxicity that would be predicted to shorten the natural
lifespan of the animal.***> All animals were examined daily
for signs of toxicity. At the end of 9 days, all animals were
sacrificed, and their oral cavity, liver, colon, small intestines,
kidneys, and stomach were examined for any abnormalities
under a dissection microscope.

In vivo Anticancer Activity in a Human

Breast Tumor Xenograft Model

Female nude (nu/nu) mice weighing 24.43+2.09 g and aged
6~7 weeks were procured from BioLasco Taiwan (Taipei
city, Taiwan) under a Charles River Laboratories License.
Animals were maintained under standard laboratory condi-
tions (20~24°C temperature, 30%~70% humidity, and a 12-h
light/dark cycle). They were allowed access to rat pellets and
water ad libitum. All animal handling and experimentation
were conducted in strict compliance with the Guide for the
Care and Use of Laboratory Animals: Eighth Edition
(National Academies Press, Washington, DC, 2011) in the
AAALAC-accredited laboratory animal facility. In addition,
the animal care and use protocol was reviewed and approved
by the Institutional Care and Use Committee (IACUC) at
Eurofins Panlabs Taiwan. Approximately 1.5x107 cells in
a 0.2-mL mixture (medium: Matrigel = 1:1) of viable
human breast tumor cells (MCF-7, ATCC HTB-22) were
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subcutaneously injected into the dorsal back region of
a mouse, and estradiol cyclopentyl propionate at 100 pg/
mouse was injected subcutaneously twice per week as
a supplement during the study period.*® Following tumor
development (tumor size >5 mm in diameter), mice were
randomly divided into three groups (A~C) of six mice each.
Group A mice were treated with 5 mg/kg BW HH-N25 for 45
days, and group B mice were treated with paclitaxel at 10 mg/
kg, while group C served as the vehicle control. Tumor sizes,
BWs, and overt signs of toxicity were observed and recorded
every 4 days for 45 days.

Molecular Docking

PDB files of the crystal structure of human TOPI DNA com-
plex (PDB:1EJ9), human PR ligand-binding domain
(PDB:1A28), and human AR (PDB:1E3G) were obtained
from the Protein Data Bank (https://www.rcsb.org/), while
a mol2 file of HH-N25 was generated using the Avogadro
molecular builder and visualization tool vers. 1.XX (http:/
avogadro.cc/),*’ and were converted to PDB files using the
PyMOL Molecular Graphics System, 1.2r3pre
(Schrodinger;  https://pymol.org/edu/?q=educational/). All
PDB files were converted to PDBQT files using AutoDock
Vina (vers. 0.8, Scripps Research Institute, La Jolla, CA,

VErS.

USA).*® The ligands and receptors were prepared for docking,
and docking was conducted using AutoDock Vina according
to standard protocols described in previous studies.**>* The
docked complexes were visualized and analyzed using
Discovery studio visualizer vers. 19.1.0.18287 (BIOVIA,
San Diego, CA, USA).”>

Data Analysis

Data analysis was conducted using GraphPad Prism vers.
6.04 for Windows (GraphPad Software, La Jolla, CA, USA).
Results are presented as the mean =+ standard deviation (SD),
and results were assessed using Student’s #-test. A p value of
<0.05 indicated a significant difference. Statistical differ-
ences between experimental groups were considered signifi-
cant at p<0.05 (*), p<0.01 (**), and p<0.001 (***).

Results
PKs of HH-N25 in Male Sprague-Dawley

Rats

Representative PK parameters of HH-N25 following single
iv dosing of HH-N25 to male Sprague-Dawley rats are
presented in Table 1 and Figure 1. HH-N25 was detected
to have reached a maximum concentration (C,,,) in plasma

Table | Pharmacokinetic Parameters of HH-N25 After an iv
Injection (3 mg/kg Body Weight) in Male Sprague Dawley Rats

HH-N25 (3.0 mgl/kg, iv)
AUC (ng/mL/h) 2415.63 + 256.51

Trmax () 0.14 + 0.06

Crnax (ng/mL) 1446.67 + 312.05

T2 (h) 451 + 027

CL/f (mL/h/kg) 832 % 1.45

VD/f (mL/kg) 1.26 £ 0.15

MRT (h) 2.56 £ 0.16

Note: Data are expressed as mean * SEM (n=3 per group).

Abbreviations: C, .., maximum observed concentration; AUC, area under the
concentration-time curve; T3, elimination half-life; MRT, mean residence time; CL/
f, mean oral clearance; VD/f, apparent volume of distribution; f, fraction absorbed
(bioavailability).

of 1446.67 £ 312.05 ng/mL after 0.14 + 0.06 h (t,.x) With
amean residence time (MRT) of 2.56 & 0.16 h. The stability
of the compound in plasma is reflected by its half-life (t;,,)
that was estimated to be 4.51 + 0.27 h. To gain insights into
its absorption following oral dosing, iv bioavailability of
HH-N25 was determined, and we found that the mean oral
clearance (CL/f) and apparent volume of distribution (Vd/f)
averaged 8.32 + 1.45 mL/h/kg and 1.26 £ 0.15 mL/kg,
respectively.

In vivo Analysis of the MTD of HH-N25
in Mice

We examined the MTD of various doses of HH-N25, after
7 days’ administration to BALB/c nude mice. The MTD
was estimated based on the threshold at which all animals
survived with no more than a 10% BW loss. Interestingly,
all mice treated with 5, 10, 20, 30, and 60 mg/kg BW
tolerated these doses. To further define the MTD, the
overall toxicity as revealed by BWs was monitored, and
we found that none of the mice exhibited weight loss
throughout the study period. During the observation per-
iod, no mortality and no deterioration in health were
observed in mice treated with HH-N25 at all concentra-
tions. However, severe to moderate writhing, and
decreases in spontaneous activity, abdominal tone, and
deep respiration were observed 30 min after each treat-
ment at 60, 30, and 20 mg/kg BW (Table 2). These
activities, however, disappeared after 1 h of observation.
Mice treated with 5 mg/kg BW of HH-N25 were comple-
tely devoid of overt toxicity, and this was selected as the
dose for in vivo evaluation of HH-N25’s anticancer

activities.
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Figure 1 Pharmacokinetic properties of HH-N25. (A) Chemical structure of HH-N25. (B) Time-dependent concentration of HH-N25 in plasma of male Sprague-Dawley
rats after injection (3.0 mg/kg body weight, iv) to rats. Data are expressed as the mean + SEM (n=3 per group).

In vitro Anticancer Activities of HH-N25
HH-N25 was analyzed at the National Cancer Institute
(NCI) for anticancer activities against a panel of NCI60
human cancer cell lines representing renal, prostate, breast,
melanoma, leukemia, non-small cell lung, prostate, brain,
and ovarian cancers. Interestingly, we found that HH-N25
demonstrated antiproliferative activities against all of the
NCI60 human cancer cell lines (Figure 2A) but exhibited
distinct cytotoxic activities against breast cancer cell lines.
In addition, it demonstrated dose-dependent activities
(Figure 2B) against breast cancer lines (MCF7, MDA-MB
-231/ATCC, HS 578T, BT-549, T-47D, and MDA-MB-468)
with 50% inhibitory concentrations (ICso) ranging 0.045
+0.01~4.2140.05 uM (Figure 2C). Our mechanistic correla-
tion analysis using the DTP-COMPARE algorithm revealed
that HH-N25 shared an anticancer mechanism with cisplatin,
paclitaxel, and a number of DNA TOP inhibitors including

topotecan, VM-26 (teniposide), m-AMSA (amsacrine), dox-
orubicin (Adriamycin), and VP-16 (etoposide). Collectively,
the present findings indicated that HH-N25 exhibited anti-
proliferative activities against various human cancer cell
lines and exhibited a distinct cytotoxic preference for breast
cancer cell lines, with inhibition of DNA-TOP and hormonal
signaling the most likely mechanisms of action (Figure 2D).

TOP Inhibition Activities of HH-N25

Having established the association between the anticancer
fingerprint of HH-N25 and a number of TOP inhibitors,
we evaluated the inhibitory effect of HH-N25 on DNA
TOPI and TOPII. Interestingly, our analysis revealed that
HH-N25 inhibited the TOPI
(Figure 3A) but had no inhibitory activities against
TOPII (Figure 3B). The TOPI inhibitory activities of HH-
N25 occurred in a dose-dependent manner and were

significantly enzyme

Table 2 Maximum Tolerated Dose (MTD) and Acute Toxicity Profile of HH-N25

Treatment Dose (mg/ Initial Final BW Clinical Observations (BALB/c Nude Mice)
kg BW) BW (g) | BW (g) Gain
(%)
60 18.04 19.04 5.55 Severe writhing, decreases in spontaneous activity, abdominal tone, and
+2.34 +2.24 +0.45 deep respiration 30 min after treatment
HH-N25 30 19.04 19.52 2.45 Severe writhing, decreases in spontaneous activity, abdominal tone, and
(NSC772867) 115 +1.24 +0.02 deep respiration 30 min after treatment
20 24.03 24.95 3.68 Moderate writhing, decreases in spontaneous activity and deep respiration
+0.35 +0.24 +0.34 30 min after treatment
10 20.04 21.05 4.79 Slight writhing, decreases in spontaneous activity and deep respiration
+0.67 +0.35 +0.53
5 21.03 21.98 432 None
+0.90 +0.24 +0.93

Abbreviation: BW, body weight.
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Figure 2 In vitro anti-breast cancer activity of HH-N25. (A) Antiproliferative activities of HH-N25 against NCI60 human cancer cell lines. The percentage growth inhibition
of each cell line relative to the mean is represented by values under 100, whereas those values below 0 indicate cell death. (B) Line graph showing the effect of HH-N25 on
the viability of breast cancer cell lines. (C) 50% inhibitory concentration (ICs) values of HH-N25 against a panel of breast cancer cell lines. (D) NCI standard anticancer
agent shared similar anticancer fingerprints and mechanistic correlations with HH-N25.
Abbreviations: CCLC, common cell line count; Cor, Pearson’s correlation coefficient.

comparable to activities demonstrated by camptothecin,
a clinical TOP1 inhibitor (Figure 3C). Furthermore, our
molecular docking analysis revealed that HH-25 docked
well to the binding cavity of TOPI (Figure 3D) by several
H-bonds, pi-interactions, alkyl interactions, hydrophobic
contacts, and Van der Waal forces, and with a strong
binding affinity of —8.3 kcal/mol (Table 1). The binding
affinity and interaction between HH-N25 and TOP1 were
very similar to the interactions and affinity that camptothe-
cin has for TOP1 (Figure 3D, Table 3). Taken together,
these findings demonstrated that HH-N25 is a potent and
selective inhibitor of TOPI.

Effects of HH-N25 on Hormonal Signaling

in Breast Cancer

We investigated the effects of HH-N25 on hormonal signal-
ing including the PR, AR, and mineralocorticoid receptor
(MR) signaling pathways using a luciferase reporter gene
assay in T47D cells. Our results revealed that HH-N25
produced dose-dependent inhibition of ligand-mediated
activities of PRs (Figure 4A) and ARs (Figure 4B).
However, a reversed effect of the drug on the receptors
was observed in the absence of the ligands (Figure 4E). In
contrast, HH-N25 demonstrated no significant effect on the
activity of the MR in the presence or absence of aldosterone
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Figure 3 Topoisomerase inhibition activities of HH-N25. Effect of a single dose of HH-N25 on (A) DNA topoisomerase | (Top |) and (B) topoisomerase Il (Top II). (C)
Dose-dependent effect of HH-N25 on DNA topoisomerase I. (D) Solid surface representation of the binding-site flap of topoisomerase | accommodating the ligands (HH-
N25 and camptothecin) and 2D representations of ligand—receptor complexes, showing the interacting amino acid residues and the types of interactions between the ligands

(HH-N25 and camptothecin).

(Figure 4C). Furthermore, the molecular docking analysis
revealed that HH-25 bonded well to the binding cavity of
PRs and ARs (Figure 4D and E). However, a stronger
binding affinity and higher number of H-bonds, pi-
interactions, hydrophobic contacts, and Van der Waal forces
created on the HH-N25 backbone with a higher number of
amino acid residues were observed between the HH-N25-
AR complex than those observed for the HH-N25-PR com-
plex (Table 3).

In vivo Anti-Breast Cancer Activity of
HH-N25 in Balb/c Mice

The in vivo anticancer activities of HH-N25 are presented in
Figure 4. HH-N25 (5 mg/kg BW) produced a progressive and
significant (»<0.001) inhibition of tumor growth (Figure SA
and B) compared to the untreated counterpart, which showed
a progressive increase in tumor growth (Figure SA). The
in vivo antitumor effects demonstrated by HH-N25 were
comparable and did not significantly differ (»>0.05) from
those elicited by paclitaxel (10 mg/kg BW). In addition,
treatment of tumor-bearing mice with HH-N25 prolonged
the survival period (Figure 5C) of animals and caused sig-
nificant (p<0.05) improvement in BW (Figure 5SD) of animals
compared to the untreated counterpart.

Discussion

Preclinical evaluation of drug PKs can aid the process of
drug development by providing a rationale for selecting
efficacious drug doses and treatment schedules.'*!'> The
PKs, metabolism, and distribution of HH-NS25 were
examined in rats. Upon iv infusion at 3 mg/kg BW in
rats, HHN25 produced an area under the plasma drug
concentration-time curve (AUC) value of 2415.63 =+
256.51 ng/mL/h, which is a measure of the actual body
exposure to HH-N25. This AUC was dependent on the
rate of drug elimination; consequently, HHN25 exhibited
a short plasma half-life (t;,=4.51 £ 0.27 h) with rapid
elimination. Because the highest concentration of HH-
N25 was detected at the earliest time point sampled (5
min after dosing) with a Cmax of 1446.67 = 312.05 ng/
mL at exactly 0.14 £ 0.06 h, it is clear that the metabo-
lism of this drug occurs very rapidly. This suggests rapid
drug metabolism by phase I and Phase II enzymes pri-
marily localized in the liver. Furthermore, the plasma
concentration versus time plots of HH-N25 revealed
that concentrations of the drug consistently decreased
from 1443.33+314.24 ng/mL at 5 min to 2.84+0.19 ng/
mL at 1440 min (10 h), suggesting that exposure to HH-
N25 induced no apparent drug accumulation, and that it
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Table 3 Docking Profiles of HH-N25 with Progesterone, Aldosterone, and Topoisomerase | Activities

Interaction HH-N25-TOPI CPT-TOPI HH-N25-PR HH-N25-AR
Complex Complex Complex Complex
AG (kcal/mol) -83 -8.8 -84 -9.7
H-bond (distance, A) Lys493 (2.45) Gly490 (2.41) Gly683 (2.74)
Thr501 (1.88) Asn491 (1.94) Pro682 (2.21)
Lys532 (3.44) Thr501 (2.91)
Asp533 (3.00)
Tr-alkyl Ala499 Ala499 Leu929 Ala748
Arg364 Lys532 11e920 Arg752
Arg488 Arg364 Lys885 Val684
Lys532 Arg488 Arg752
Trp751
TT-sigma Thr498 Thr498 Pro927 Val684
Lys532
TT-cation Arg752
-1 T-shaped His881 His714
T1-T7 stacked Trp751
TT-anion Asp533 Asp533
Van der Waal forces His367 Ser534 Asp878 Asn756
Ser423 His367 Asp882 Pro766
GIn421 Lys493 His888 Tyr763
Phe361 Gly531 Val884 Lys808
Gly490 Val502 Thr829 Val685
Asn491 Gly503 Val925 Val715
Gly503 Ala489 Gly923 GIn711
Ser534 Phe804
Glu68|
Pro801
Hydrophobic interaction (distance, A) Phe36l (3.71) Arg364 (3.55) His881 (3.65) Pro682 (3.77)
Arg364 (3.67) Arg488 (3.99) Val884 (3.96) Val684 (3.26)
GIn421 (3.71) Thy498 (3.72) Lys885 (3.78) Valé685 (3.63)
Ala499 (3.62) Lys (3.60) 11e920 (3.84) GIn711 (3.74)
Lys532 (3.60) Leu929 (3.56) His714 (3.75)
Val715 (3.85)
Arg752 (3.78)
Tyr763 (3.54)
Pro766 (3.70)

Abbreviations: TOP, topoisomerase; CPT, camptothecin; AR, androgen receptor; PR, progesterone receptor.

was rapidly cleared from the circulation.”® The lack of
accumulation of HH-N25 is consistent with the shorter
t12 (4.51 £ 0.27 h) noted following the administration of
HH-N25. This is also supported by the mean residence
time (2.56 = 0.16 h), representing the average time the
drug molecules stay in the body.

As most drugs are orally administered, oral clearance
(CL/f) is an important PK parameter that plays a pivotal
role in the safety and tolerability of a drug. The t;,, values
obtained in this study are within the range reported for some
clinical drugs. However, the calculated VD value (1.26 +
0.15 mL/kg) suggested a low tissue distribution of HH-N25.
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Figure 4 Effects of HH-N25 on hormonal signaling in breast cancer. Dose-dependent plot of the effects of HH-N25 on (A) the progesterone receptor (PR), (B) androgen
receptor (AR), and (C) mineralocorticoid receptor (MR) signaling pathways in the absence (upper panel) and presence of the respective receptors. (D) Docking profiles of
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Our analysis of the anticancer effect revealed that HH-  demonstrated potent in vitro anticancer activities but also
N25 was potent against all six breast cancer cell lines exhibited in vivo antitumor effects by reducing tumor
tested, inhibiting the in vitro growth with IC50 values progression relative to the vehicle and improved survival
ranging 0.045+0.01~4.21+0.05 pM. HH-N25 not only of animals at the MTD. The in vivo antitumor activities of
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Figure 5 In vivo anti-breast cancer activity of HH-N25 in Balb/c mice. (A) Average tumor volume versus time curve shows that treatments with HH-N25 and paclitaxel
significantly (p<0.001) inhibited tumor growth and the tumor burden. (B) Graphical representation of the tumor burden and ameliorative effects on HH-N25 on the tumor
size. (C) Survival curve of mice treated with HH-N25. (D) Graph of body weight changes of mice; HH-N25 produced improvements in body weight gain in animals over the

treatment course, suggesting no apparent systemic toxicity. *p<0.05, ***p<0.001.
Abbreviation: ns, not significant.

HH-N25 were further strengthened by the absence of
apparent systemic toxicity during the experimental period,
suggesting the safety and tolerability of HH-N25. The
remarkable in vivo anticancer activities observed in this
study at the MTD are an indication that the t, (4.51 =
0.27 h) and MRT of HH-N25 are sufficient to elicit inhibi-
tion of tumor growth in mice.

Anticancer agents targeting TOPI and TOPII have been
developed and employed in clinical chemotherapy; how-
ever, although proven to be effective in arresting tumor
growth, significant side effects associated with their use
have spurred a global search for novel efficacious and safe
TOP inhibitors.”® By comparing the anticancer fingerprint
of HH-N25 with those of NCI standard drugs, we found

inhibitors of TOPs.
Interestingly, our in vitro assay successfully validated our
COMPARE analysis. Selectivity for inhibition of TOPI but
not TOPII was observed for HH-N25. HH-N25 exhibited
the ability to regulate TOPI-mediated relaxation of super-
coiled pHOT DNA in a concentration-dependent manner
at doses of 1, 5, 10, 25, and 50 uM. HH-N25 not only
exhibited more-potent inhibitory activity than camptothe-
cin, but almost completely blocked TOP-mediated DNA
relaxation at 50 mM. These findings led us to conjecture

a significant correlation with

that HH-N25 represents a new class of anticancer agents
which target TOPI as their cellular mode of action.

Our results showed that HH-N25 is a potent dual
inhibitor of DNA TOPI and hormonal signaling in vitro.
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Our findings represent the first attempt to show tumor
regression and selective suppression of TOP1, and hormo-
nal signaling in human breast cancer cell lines by treat-
ment with a single small-molecular compound. These
double inhibition features of HH-N25 highlight one of
the clear benefits of HH-N25 over other anticancer drugs
that exhibit their effect via inhibition of TOP only.

Conclusions

In conclusion, HH-N25 is a new first-in-class molecular
entity that suppresses TOP1 and shows potent antitumor
activities in human breast cancer cells in vitro and in vivo.
Our findings represent the first attempt to document tumor
regression and selective suppression of TOP1, and hormo-
nal signaling in human breast cancer cell lines by treat-
ment with a single small-molecular compound. Further
extensive investigations of HH-N25 in various cancer
types to develop this novel therapeutic approach seem
worthwhile.
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