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as Endometrial Cancer Treatment
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The aim of this study was to investigate the inhibition effects of cordycepin and its derivatives on endometrial
cancer cell growth. Cytotoxicity MTT assays, clonogenic assays, and flow cytometry were used to observe
the effects on apoptosis and regulation of the cell cycle of Ishikawa cells under various concentrations of
cordycepin, cisplatin, and combinations of the two. Validated in silico docking simulations were performed
on 31 cordycepin derivatives against adenosine deaminase (ADA) to predict their binding affinities and hence
their potential tendency to be metabolized by ADA. Cordycepin has a significant dose-dependent inhibitory
effect on cell proliferation. The combination of cordycepin and cisplatin produced greater inhibition effects
than did cordycepin alone. Apoptosis investigations confirmed the ability of cordycepin to induce the apop-
tosis of Ishikawa cells. The in silico results indicate that compound MRS5698 is least metabolized by ADA
and has acceptable drug likeness and safety profiles. This is the first study to confirm the cytotoxic effects of
cordycepin on endometrial cancer cells. This study also identified cordycepin derivatives with promising phar-
macological and pharmacokinetic properties for further investigation in the development of new treatments for

endometrial cancer.
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INTRODUCTION

Endometrial cancer is one of the most common female
malignancies worldwide. The number of new diagnoses
is increasing every year, and the age at diagnosis is fall-
ing™. In China, endometrial cancer is the second most
common cancer of the female reproductive system after
cervical cancer’. In the US and Europe, endometrial
cancer has one of the highest morbidity rates among the
female reproductive system cancers. According to the
US National Cancer Institute, about 710,228 women had
endometrial cancer in 2014°. It is estimated that the num-
ber of new cases will increase in the future.

Surgical treatment is one of the most common ther-
apeutic strategies for endometrial cancer. It may be
combined with radiotherapy to enhance the efficacy of
treatment. As an adjuvant therapy, chemotherapy can
enhance the survival rate of patients with endometrial
cancer. However, most chemotherapeutics are not spe-
cific to cancer cells and are harmful to healthy cells,
generally with dose-dependent cytotoxic effects. Hence,

chemotherapy has many side effects that are known to
affect patients’ quality of life. Another concern of che-
motherapy is drug resistance, which means a higher dos-
age is required for the same therapeutic response, and this
certainly increases the level of adverse reactions. Novel
treatments are thus required to replace chemotherapy or
to reduce its required dose.

In recent years, traditional Chinese medicine (TCM) has
become popular in cancer therapy. According to a review
of previous studies, TCM can induce cellular apoptosis,
suppress tumor metastasis, reduce opportunities for multi-
drug resistance, and produce immunomodulatory effects’.
Although the pharmacological mechanisms of many TCM
treatments are unclear, many therapeutic compounds have
been developed by screening the active compounds in TCM
herbs, some of which have shown antitumor effects>®. For
instance, cordycepin is an active component of Cordyceps
sinensis that exhibits many clinical health effects includ-
ing anti-inflammatory, immunomodulatory, antioxidant,
and antimicrobial activities’. One study demonstrated the
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anticancer effects of cordycepin in both in vivo and in
vitro experiments and that cordycepin can induce cellular
apoptosis and regulate the cell cycle in cervical cancer®.
No evidence has yet confirmed the cellular apoptosis
effects of cordycepin on endometrial cancer cells. The
aim of this study was therefore to fill this research gap.

Several in vitro and animal studies have shown that C.
sinensis exerts direct cytotoxicity against various types
of cancer cells by inducing the activities of A, adenos-
ine receptors (A;ARs)’. A,AR is a subtype of adenosine
receptor that has been intensively studied for its role in
cancer treatment. A;AR is a G; protein-associated mol-
ecule found in many human cells™. Its expression is
significantly higher in inflamed cells and various can-
cer cells™*, This overexpression of A,AR suggests the
potential for the development of a biological marker and
therapeutic agents for cancer and inflammatory diseases™.
Studies have shown that stimulation of A,AR can disturb
different cancer-related pathways, including WNT, PKA,
MMPs, MAPK, and VEGF. Evidence shows that each of
these pathways enhances tumor cell proliferation and that
their disturbance may attenuate cancer cell growth. A,AR
signaling is also linked to tumor metastasis. For instance,
A AR can inhibit the activities of telomerase and cell
cycle arrest and produce cytostatic effects in lymphoma
cells'. This mechanism is thought to explain muscle tis-
sues’ resistance to tumor metastasis™.

More than 50 adenosine receptor agonists have
been developed™. They have various binding affinities
and different levels of stimulation of different types of
adenosine receptor, including A,AR, A,AR, A,BR, and
A AR. An agonist with high specificity to A,AR would
means less binding to other receptors and theoretically
fewer side effects. Animal studies and phase Il clinical
trials have been conducted to validate the safety and
efficacy of A,AR in inflammatory, ophthalmic, and liver
diseases; melanoma; and prostate, colon, and hepatocel-
lular carcinomas®’. The results are promising. This fur-
ther increases the possibility of finding an A,AR agonist
as a new treatment for endometrial cancer, which was the
aim of this study.

Cordycepin is thought to be the active ingredient respon-
sible for producing the anticancer effects of C. sinensis.
An in vitro study by Tao et al. demonstrated the ability of
cordycepin to stimulate A,AR and hence produce direct
cytotoxicity against lung carcinoma cells'®. However,
animal and clinical studies showed that cordycepin is rap-
idly and substantially metabolized by adenosine deami-
nase (ADA)", leading to its unfavorable pharmacokinetic
property of a short half-life. In purine metabolism, ADA
deaminates adenosine to the inactive metabolite inosine®.
One way to overcome this problem of rapid metabolism
is to coadminister cordycepin with ADA inhibitors, such
as cladribine and deoxycoformycin, although this may
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cause undesirable side effects™. Another way to increase
the half-life of cordycepin is to modify its chemical struc-
ture to maintain the high specificity to A;AR along with
low binding affinity to ADA.

The aim of this study was to identify cordycepin
derivatives with promising pharmacological and phar-
macokinetic properties for further investigation in the
development of new treatments for endometrial cancer.
We first confirmed the antitumor effects of cordycepin
and that of its combination with cisplatin through MTT
assays on endometrial cancer cells. We then used flow
cytometry to observe the effects on apoptosis and regula-
tion of the cell cycle of Ishikawa cells under various con-
centrations of cordycepin, cisplatin, and combinations
of the two. After confirmation of the antitumor effects,
we used computational docking simulations to calculate
the binding affinities of a set of cordycepin derivatives
against ADA, aiming to identify a compound with high
potency on A AR and resistance to ADA metabolism.
The drug-like properties of these compounds were also
predicted.

MATERIALSAND METHODS
Cédll Culture

An Ishikawa cell line (ATCC, Manassas, VA, USA)
was cultured in RPMI-1640 (11875; Gibco, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(FBS; 16000044; Gibco). The cells were cultured at 37°C
in a humidified 5% CO, atmosphere.

Cytotoxicity Assay

An MTT assay of 4” 10° Ishikawa cells seeded in
96-well plates was performed to determine cell viability.
The cells were then exposed to different concentrations
of cordycepin (C3394; Sigma-Aldrich, Burlington, MA,
USA), cisplatin (P4394; Sigma-Aldrich), and their combi-
nations for 24 h (Table 1) and then washed carefully with
PBS. Then 100 pl of culture medium with no FBS but
MTT (1 mg/ml) was added, and the cells were held for 4 h
at 37°C in a humidified 5% CO, atmosphere. The medium
was removed, and formazan crystals were dissolved by
adding 150 pl of DMSO (D4540; Sigma-Aldrich) and
shaking for 15 min. Optical density (OD) was measured
at 550 nm with a microplate reader (SPECTROstar Nano;
Ortenberg, Allmendgriin, Germany), and the percentage
of inhibition was calculated as follows: percentage via-
bility=100% " mean of test OD/mean of control OD and
percentage inhibition =100 - percentage viability.

Clonogenic Survival Assay

Clonogenic assays were performed to determine the
effectiveness of cordycepin and cisplatin on inhibiting
the growth of Ishikawa cells. Combining the results
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Table 1. Inhibition on Ishikawa Cells of Cordycepin, Cisplatin, and Their Combinations

Compounds (Concentration) Inhibition Rate p Values
Cordycepin (12.5 pg/ml) 4.7%+1.8% 0.02
Cordycepin (25 ug/ml) 9.7%+1.8% <0.01
Cordycepin (50 pg/ml) 32.9%+1.2% <0.01
Cordycepin (100 pg/ml) 57.1%+3.4% <0.01
Cisplatin (0.5 pg/ml) 5.9%+2.4% 0.04
Cisplatin (1 pg/ml) 19.6%+2.4% <0.01
Cisplatin (2 pg/ml) 29.6%+1.8% <0.01
Cisplatin (4 pg/ml) 51.6%+1.4% <0.01
Cordycepin (12.5 pg/ml) plus cisplatin (0.5 pg/ml) 21.3%+2.1% 0.04
Cordycepin (12.5 pg/ml) plus cisplatin (1 pg/ml) 26.6%+3.0% 0.02
Cordycepin (12.5 pg/ml) plus cisplatin (2 pg/ml) 34.8%+0.8% 0.02
Cordycepin (12.5 pug/ml) plus cisplatin (4 ug/ml) 76.8%+0.4% <0.01
Cordycepin (25 ug/ml) plus cisplatin (0.5 pg/ml) 24.3%+2.6% <0.01
Cordycepin (25 pg/ml) plus cisplatin (1 pg/ml) 33.7%%2.1% <0.01
Cordycepin (25 pg/ml) plus cisplatin (2 pg/ml) 40.6%+1.5% <0.01
Cordycepin (25 pg/ml) plus cisplatin (4 pg/ml) 80.1%+0.3% <0.01
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from the MTT assays with clonogenic assays can fur-
ther enhance the reliability of our findings, as clonogenic
assay determines the ability of cells to undergo division,
while MTT assay determines cell viability.

A total of 200 Ishikawa cells were seeded in a 48-well
plate for 24 h at 37°C in a humidified 5% CO, atmosphere.
The cells were treated with cordycepin, cisplatin, and
their combinations for 24 h, and then the cultural medium
was replaced by the complete medium and incubated
for 7 days. The cell colonies were stained with Wright—
Giemsa stain (WG16; Sigma-Aldrich). The number of
colonies that consisted of at least 50 cells was counted.
The survival fraction (SF) was calculated to determine
the ability of the Ishikawa cells to grow into colonies by
the following equations. This method was based on that
of Franken et al.”: plating efficiency (PE)=(No. of colo-
nies formed/No. of cells seeded)” 100% and SF=No. of
colonies formed/(No. of cells seeded” PE).

Cell Cycle Analysis

A total of 1.6 ~ 10° Ishikawa cells were seeded in
35-mm culture dishes for 24 h at 37°C in a humidified
5% CO, atmosphere. The cells were treated with cordyce-
pin, cisplatin, and combinations of the two for 24 h. They
were then harvested, washed with PBS, centrifuged at
200" g for 3 min, and fixed with 70% ethanol overnight
at —20°C. After fixation, the cells were washed twice with
PBS and centrifuged at 200" g for 3 min, resuspended
in 400 pl of PBS with 50 pl of RNase (R6513; Sigma-
Aldrich) added (1 mg/ml), and incubated at 37°C for
30 min. Then 50 pl of propidium iodide (PI) solution
(400 pg/ml) (P4170; Sigma-Aldrich) was added to stain
the treated cells for 30 min. Cell cycle analysis was
done on an Applied Biosystems Attune flow cytometer
(Waltham, MA, USA) after gating out doublets in the PI

area versus width. Cell fractions in different phases were
analyzed using Modfit LT 5.0.

Using Annexin V-FITC/PI Saining to Detect Apoptosis

A total of 1.6” 10° Ishikawa cells were seeded in
35-mm culture dishes overnight followed by treatment
with cordycepin, cisplatin, or a combination of the two.
After 24 h of treatment, cells were harvested and resus-
pended, washed twice with PBS, and centrifuged at
200" g for 3 min. The cells were resuspended using
500 pl of the binding buffer provided with the apoptosis
kit (556547; BD Biosciences, San Diego, CA, USA). A
suspension of 100 pl of cells was stained by adding 5 pl
of annexin V-FITC and 5 pl of PI for 15 min at room
temperature, followed by analysis of cellular apoptosis
using an Applied Biosystems Attune flow cytometer and
the manufacturer’s software.

Synergistic Testing

Combination index (CI) was used to investigate the
synergistic effects between cordycepin and cisplatin
against the proliferation of Ishikawa cells. Cl was cal-
culated using the Chou-Talalay CI method implemented
in CompuSyn software®. This method incorporates sev-
eral biochemistry and biophysics equations, such as the
Henderson-Hasselbalch, Michaelis—-Menten, and Scat-
chard equations. CI values allow quantitative indication
of synergism (Cl<1), antagonism (Cl>1), and additive
effect (Cl1=1) in drug combinations.

In Slico Molecular Docking Studies

Molecular docking simulations have been exten-
sively used to predict the binding affinities of proteins
and ligands. The technique has been successfully used
to screen active compounds from herbal medicines with
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pharmacological effects®. In our study, two similar dock-
ing procedures were performed on A,AR and ADA and
their related ligands.

As noted above, cordycepin binds to and induces the
activity of A,AR and exerts anticancer effects. Docking
simulations can only predict the binding affinity between
a protein and ligand; they cannot clarify whether the
ligand is an inhibitor or agonist. Also, it is much more dif-
ficult to design a novel agonist than an inhibitor. Hence,
to increase the success rate for identifying an A;AR
agonist with low ADA metabolism, we downloaded
47 experimentally proven A,AR agonists with similar
chemical structures to cordycepin from the International
Union of Basic and Clinical Pharmacology (IUPHAR)
database (http://www.guidetopharmacology.org). Five of
these agonists are labeled with radioactive isotopes, and
11 have binding affinity values derived from nonhuman
species. Hence, these 16 compounds were omitted, leav-
ing 31 agonists for investigation in this study. IUPHAR
contains curated information on quantitative interactions
between 1,300 protein targets and 6,000 ligands®. Unlike
other databases, it allows searches on agonists or antago-
nists of particular protein targets. No X-ray structure is
currently available for human A,AR™, so we used the
homology model template (PDB code: 2YDO, 3.00 A
resolution) downloaded from the Adenosiland platform
(http://mms.dsfarm.unipd.it/Adenosiland)®. This struc-
ture has been used in various studies and has produced
promising results?”?. For the dockings between the 31
compounds and ADA, the structure with PDB code 3IAR
and 1.52 A resolution was used. It is the only X-ray struc-
ture derived from Homo sapiens.

The automated ligand docking program, GOLD v5.5%
with ChemPLP scoring function®, was used for all dock-
ing simulations. All water molecules, ligands, and ions
were removed, and hydrogen was added before the dock-
ing simulations. All the parameters were set to their
defaults. Genetic algorithms with 100% search efficiency,
no possibility of early termination, and a slow option
were used. Binding sites were defined as all atoms within
6 A of the cognate ligands in the X-ray structures. In
summary, cordycepin and its 31 structural related com-
pounds were docked to both A,AR and ADA, with the aim
of identifying an A,AR agonist with low ADA binding
affinity.

Validation of the Docking Methods

ChemPLP@GOLD is an empirical scoring function
that has been successfully validated on diverse sets of
protein—ligand complexes. The genetic docking algo-
rithm of GOLD has been tested on a data set of 100
complexes and achieved a 71% success rate in detect-
ing experimental binding modes”. ChemPLP@GOLD
achieved the highest success rates in a docking power test
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and ranked fourth for scoring power among 20 different
scoring functions on a dataset of 195 protein-ligand com-
plexes®. However, research has shown that the accuracy
of docking can vary between 0% and 92.66%%*. This large
variation chiefly depends on the type of protein—ligand
complexes, docking algorithms, and scoring functions.
The accuracy of a specific type of docking simulation
should therefore always be validated. We evaluated the
specific performance of ChemPLP@GOLD in simulat-
ing ADA and A;AR complexes using receiver operating
characteristic (ROC) analysis.

To evaluate the accuracy of our docking procedures for
ADA, docking was performed on 13,056 compounds from
the Zinc in Man (ZIM) database®, plus 58 ADA inhibitors
with experimental binding affinities of less than 10 uM.
The 58 inhibitors classified as “ADA_HUMAN” were
downloaded from the ZINC database. In total, a set of
13,114 compounds was formed, and each compound was
docked to ADA under our docking protocol. The dock-
ing scores were then used as the parameters in the ROC
analysis to calculate area under the curve (AUC) values,
which demonstrate the ability of ChemPLP@GOLD
to distinguish the 58 “true” hits from the 13,056 non-
ADA inhibitors. ROC analysis has successfully validated
docking accuracy in various protein-ligand systems®.

For the accuracy evaluation of our docking procedures
on A;AR, ROC analysis was performed on a library of
13,087, containing the 13,056 compounds from the ZIM
database® and the 31 A AR agonists from the ZINC
database using the same docking protocol as mentioned
above.

Prediction of Drug-Like Properties

The undesired adverse effects of drug candidates are
among the most common reasons for the failure of animal
or clinical trials. Screening of drug-like properties can
help to identify potential drug candidates with unaccept-
able adverse effects. For reliable prediction, two different
software programs—ACD/Percepta 14.0® and Drug-
Likeness and Molecular Property Prediction®—were
used in this study to predict the drug-like properties and
drug-likeness of all 31 A,AR inducers.

The drug profiler of ACD/Percepta 14.0 was used to
predict the physicochemical properties, ADME (adsorp-
tion, distribution, metabolism, excretion), and drug safety
profile of the 31 compounds. The physicochemical prop-
erties included log P, molecular weight (MW), solubil-
ity, rotatable bond, H-bond receptors, H-bond donors,
Lipinski’s rule of five, and predefined lead-like catego-
ries. This software automatically shows whether com-
pounds have favorable or unfavorable physicochemical
properties for a drug molecule. The ADME profiler
predicts the parameters that are important for oral bio-
availability. These parameters are plasma protein binding
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Table 2. IC,, Values for Cordycepin, Cisplatin, and
Their Combinations on Ishikawa Cells

Compounds (Concentration) 1Cs, (Hg/ml)
Cordycepin 86.16
Cisplatin 3.74
Cisplatin plus cordycepin (12.5 pg/ml) 2.53
Cisplatin plus cordycepin (25 pg/ml) 2.29

(PPB), passive permeability across Caco-2 cell monolay-
ers, central nervous system (CNS) penetration, and human
intestinal absorption (HIA). The drug safety profiler pre-
dicts cytochrome P450 (CYP) regioselectivity (CYP3A4,
CYP2D6, CYP2C9, CYP2C19, and CYP1A2), and the
possibility of producing positive Ames (mutagenicity pre-
diction) and human ether-a-go-go-related gene (hERG)
(cardiotoxicity prediction)®%*. The accuracy and sensitiv-
ity of these methods have been successfully validated by
the software providers (ACD/Labs). All data sheets can
be obtained from its website (http://www.acdlabs.com).

Drug-Likeness and Molecular Property Prediction is
an online platform for the use of fragment-based contri-
butions to calculate drug-like properties, such as LogP,
LogS, molecular polar surface area, and drug-likeness
score. The accuracy of its methods has been successfully
validated with a large amount of experimental data, and
results obtained from this software have been published
in many studies***".

RESULTS
Inhibition of Ishikawa Cells

The effects of cordycepin, cisplatin, and their combina-
tion on the inhibition of Ishikawa cell lines were observed
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by MTT assay. Dose-dependent inhibitory effects were
found for both compounds. As shown in Table 1, 100 pg/
ml of cordycepin solution produced comparable inhibi-
tion effects to cisplatin at 4 pg/ml. Compared with cispla-
tin alone, the combined use of 12.5 pg/ml of cordycepin
and 4 pg/ml of cisplatin increased the inhibition rate from
51.6% to 76.8% (Table 1). The combination of cisplatin
with cordycepin obtained lower IC,, values than cordyce-
pin or cisplatin alone (Table 2). Cordycepin demonstrated
synergistic effects in combination with cisplatin, as indi-
cated by a Cl value of 0.811. This demonstrates the poten-
tial for the adjunctive use of cordycepin with cisplatin.

Clonogenic Survival Assay

In order to observe the effects of cordycepin, cisplatin,
and their combinations on the clone ability of Ishikawa
cells, clonogenic survival assays were performed. Both
compounds and their combinations inhibited Ishikawa cell
clone formation with dose-dependent effects (Table 3).
Cordycepin solution with a concentration of 100 pg/ml
produced similar effects to cisplatin at 0.5 pug/ml. The
combined use of cordycepin and cisplatin decreased the
SF of cisplatin or cordycepin alone; for instance, the SF
of cordycepin solution at 12.5 pug/ml was 0.97, that of
cisplatin solution at 0.0625 pg/ml was 0.51, and that of
the combined solution of cisplatin cordycepin at 12.5 and
0.0625 pg/ml was 0.34 (Table 3). This indicates that the
combinations have greater potential to inhibit the forma-
tion of clone than each of them alone.

Cédlular Apoptosis of Ishikawa Cells

To investigate whether cordycepin, cisplatin, and their
combination could induce cellular apoptosis, Ishikawa
cells stained with annexin V-FITC/PI were examined by

Table 3. Survival Fraction on Ishikawa Cells of Cordycepin, Cisplatin, and

Their Combinations

Compounds (Concentration)

Survival Fraction*

Cordycepin (12.5 pug/ml)
Cordycepin (25 ug/ml)
Cordycepin (50 pug/ml)
Cordycepin (100 pg/ml)
Cisplatin (0.0625 pg/ml)
Cisplatin (0.125 ug/ml)
Cisplatin (0.25 pg/ml)
Cisplatin (0.5 ug/ml)

Cordycepin (12.5 ug/ml) plus cisplatin (0.0625 pg/ml)
Cordycepin (12.5 pg/ml) plus cisplatin (0.125 pg/ml)
Cordycepin (12.5 pg/ml) plus cisplatin (0.25 pg/ml)
Cordycepin (25 ug/ml) plus cisplatin (0.0625 pg/ml)
Cordycepin (25 ug/ml) plus cisplatin (0.125 pug/ml)
Cordycepin (25 pg/ml) plus cisplatin (0.25 pug/ml)

0.97+0.02
0.78+0.01
0.15+0.03
0.02+0.02
0.51+0.03
0.36+0.03
0.06+0.01
0.02+0.01
0.34+0.04
0.24+0.01
0.04+0.01
0.34+0.04
0.18+0.01
0.02+0.01

*The values of all survival fractions are p<0.01.
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Figure 1. Total rate of cellular apoptosis of Ishikawa cells caused by (A) 12.5 ug/ml of cordycepin is 10.2% +2.2%, (B) 25 ug/ml of
cordycepin is 11.4%+0.2%, (C) 50 pg/ml of cordycepin is 24.4%+1.6%, (D) 0.5 pg/ml of cisplatin is 10.3%+3.3%, (E) 1 ug/ml of
cisplatin is 11.6%+5.6%, and (F) 2 pg/ml of cisplatin is 14.2% +4.2%.

flow cytometry. The total rate of apoptosis of the con-
trol is 6.3% % 1.4%. All samples achieved a higher rate of
apoptosis than the control samples in a dose-dependent
manner. Most of the differences were statistically sig-
nificant, apart from cordycepin at 12.5 ug/ml, cisplatin at
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tistically different effect on cellular apoptosis compared
to the control group (p>0.05) (Figs. 1 and 2). Among all
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Figure2. Total rate of cellular apoptosis of Ishikawa cells caused by (A) 12.5 pg/ml of cordycepin +0.5 pg/ml cisplatin is 13.9% + 1.4%,
(B) 12.5 pg/ml of cordycepin+1 ug/ml cisplatin is 47.7%+1.6%, (C) 12.5 of pg/ml cordycepin+2 pg/ml cisplatin is 58.2%+4.6%,
(D) 25 pg/ml of cordycepin+0.5 pg/ml cisplatin is 55.8%+2.7%, (E) 25 ug/ml of cordycepin+1 pg/ml cisplatin is 69.2%+3.1%, and
(F) 25 pg/ml of cordycepin+2 pg/ml cisplatin is 84.8% +4.2%.
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Table 4. Effects of Cordycepin, Cisplatin, and Their Combinations on Ishikawa Cell Cycle

Compounds (Concentration) G,/G, S G,

Control 42.4%+2.3%  46.3%+3.6%  11.4%+1.5%
Cordycepin (12.5 pg/ml) 57.9%+3.4%  29.4%+1.1%  12.9%+2.9%
Cordycepin (25 pg/ml) 57.6%+3.6%  31.1%+3.5% 11.5%+2.7%

Cisplatin (0.5 pg/ml)

Cisplatin (1 pg/ml)

Cisplatin (2 pg/ml)

Cordycepin (12.5 ug/ml) plus cisplatin (0.5 ug/ml)
Cordycepin (12.5 pg/ml) plus cisplatin (1 pg/ml)
Cordycepin (25 pg/ml) plus cisplatin (0.5 pg/ml)
Cordycepin (25 pg/ml) plus cisplatin (1 pg/ml)

11.1%+0.1%
5.1%+2.4%
4.9%+4.4%
10.7%+1.5%
7.5%+3.5%
13.5%+0.7%
14.5%+0.7%

63.2%+1.4%
72.4%+2.5%
80.5%+1.2%
77.9%+4.3%
80.7%+2.2%
71.4%+2.6%
82.7%+1.7%

25.7%+1.4%
22.6%+4.9%
14.6%+3.3%
11.5%+5.7%
11.8%+4.4%
15.1%+2.2%

2.8%+1.9%

cisplatin (25 pg/ml+2 pg/ml) obtained the highest rate
of apoptosis (84.8%) (Fig. 2). However, a low concen-
tration of cordycepin plus cisplatin (12.5 pg/ml+0.5 pg/
ml) did not produce a more significant increase in the
rate of apoptosis than cisplatin (0.5 pg/ml) alone (Fig. 2).

Effects of Cordycepin and Cisplatin on the Cell Cycle

To determine the effects of cordycepin and/or cis-
platin on the cell cycle distribution in Ishikawa cells, we
performed flow cytometry with PI staining. The results
show that cordycepin significantly increased the per-
centage of G,/G, phase and decreased the percentage of
S phase cells (Table 4 and Fig. 3). Cisplatin significantly
arrested Ishikawa cells in the S phase, and the percent-
age of G, phase cells was slightly increased (Table 4 and
Fig. 3). After the combined treatment, the arrest effects
of cisplatin in the S phase of the Ishikawa cell cycle were
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enhanced by cordycepin (Table 4 and Fig. 4). The per-
centage of S phase cells after cisplatin treatment (0.5 pg/
ml) was 63.2%, and those of cisplatin (0.5 pg/ml) plus
cordycepin (12.5 pyg/ml and 25 pg/ml) were 77.9% and
71.4%, respectively. Cisplatin (1 pg/ml) arrested 72.4%
of Ishikawa cells in the S phase, whereas cisplatin (1 pg/
ml) plus cordycepin (12.5 and 25 pg/ml) arrested 80.7%
and 82.7% of Ishikawa cells in the S phase, respectively
(Table 4 and Fig. 4).

Validation of the Docking Methods

The accuracy of our docking protocols for both ADA
and A;AR was successfully validated using the ROC anal-
ysis (Fig. 5). The high AUC values of 0.92 (ADA) and
0.85 (A,AR) indicate satisfactory predictive power with
high sensitivity and specificity. An AUC value of 0.5 indi-
cates a random result with no predictive power, and 1.0
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Figure 3. Effects on the Ishikawa cell cycle caused by (A) control, (B) 12.5 pg/ml of cordycepin, (C) 25 pg/ml of cordycepin,
(D) 0.5 pg/ml of cisplatin, (E) 1 ug/ml of cisplatin, and (F) 2 ug/ml of cisplatin.
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Figure4. Effects on Ishikawa cell cycle caused by (A) 12.5 pug/ml cordycepin+0.5 pg/ml cisplatin, (B) 12.5 pug/ml cordycepin+1 pg/ml
cisplatin, (C) 25 pg/ml cordycepin+0.5 pg/ml cisplatin, and (D) 25 pug/ml cordycepin+ 1 pg/ml cisplatin.

indicates a perfect prediction. A model with an AUC
value of 0.7 or above is generally considered reliable®.

In Slico Molecular Docking Studies

Thirty of the 31 A;AR agonists achieved a higher
binding score than cordycepin (Table 5). CGS21680 and
apadenoson obtained the highest scores of 108.69 and
103.78, respectively. In the ADA docking simulations,
15 of the 31 agonists had a lower score than cordyce-
pin. Among them, MRS5698 obtained the lowest score

of 30.58, which is half the value of that of cordycepin
(Table 5). The agonist with the second-lowest dock-
ing score against ADA was 2-chloroadenosine. Its score
was 46.89, which is much higher than that of MRS5698.
The structures of cordycepin, 2-chloroadenosine, and
MRS5698 are shown in Figure 6.

Prediction of Drug-Like Properties

All 31 agonists had Caco-2 values of less than 1, indi-
cating poor passive intestinal permeability (Table 5).
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Figure5. Receiver operating characteristic (ROC) curves of the docking results for (A) ADA and the ligands from the ZIM database,
and (B) A;AR and the ligands from the ZIM database. The green reference line indicates random results, with an AUC value of 0.50.
The blue line indicates the result curve with AUC values of (A) 0.92 and (B) 0.85. AUC, area under the curve; ADA, adenosine deami-
nase; A;ARs, A, adenosine receptors; ZIM, Zinc in Man.
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Table5. Docking Scores and ADME Drug-Like Properties of Cordycepin and the 31 A,AR Agonists Against

ADA and A,AR

Docking Score
Ligand Caco-2 PPB (%) CNS HIA(%) ADA  AAR
Cordycepin 27107 2 -3.21 69 64.74 61.65
MRS5698 94" 10 76 -2.74 100 30.58 69.41
2-Chloroadenosine 0.7 10°° 6 -3.50 46 46.89 66.95
2¢Me-CCPA 337 10° 19 -2.75 100 47.91 72.08
TCPA 01" 10°° 52 -5.70 4 48.24 62.85
NECA 04" 10°° 3 -4.28 31 50.04 74.43
MRE3008F20 117 10° 97 -5.08 100 52.32 54.42
2-Phenylethylyl-adenosine derivative 127 10 47 -3.43 100 52.91 86.20
Adenosine 04" 10°° 2 -3.72 30 55.21 64.63
GS9667 19 10°° 13 -2.93 100 57.20 79.72
Binodenoson 06" 10°° 9 -4.13 34 58.36 84.77
(RS-PHPNECA 0.7"10° 6 -3.50 46 59.86 86.73
N(6)-cyclohexyladenosine 16" 10 10 -2.48 100 61.76 69.34
HEMADO 19° 10°° 13 -2.93 100 63.38 75.65
Cl-IB-MECA 54”107 63 -2.98 100 64.08 82.17
Regadenoson 0.0" 10°° 2 -5.30 6 64.31 80.15
Piclidenoson 26" 10° 29 -3.01 100 65.25 79.16
Cyclopentyladenosine 10° 10°° 6 -2.66 100 65.85 68.79
PENECA 3710° 34 -3.75 92 66.75 87.18
BAY 606583 59 10° 81 -2.92 100 67.84 82.66
AB-MECA 2°10° 6 -3.14 84 70.23 73.67
MPC-MECA 9" 10°° 24 -3.48 100 70.63 76.48
MRS3558 317 10° 52 -3.00 100 73.87 91.86
2-Hexynyl-NECA 2°10° 13 -3.68 89 73.91 93.66
Apadenoson 57107 22 -3.70 98 75.72  103.78
CCPA 26”10 19 -2.35 100 76.71 74.97
(9-PIA 357 10° 13 -2.19 100 77.12 80.90
CP608,039 35 10° 13 -2.19 100 77.80 80.02
CGS21680 0.0"10° 45 -6.03 1 78.86  108.69
MRS5151 04" 10°° 3 -4.28 31 79.06 98.80
I-ABA 16" 10°° 10 -2.48 100 80.09 81.03
(R)-PIA 357 10° 13 -2.19 100 81.03 80.12

Caco-2 predicts passive intestinal permeability with the unit cm/s (>7.00 is highly permeable, 1.00-7.00 is moderately per-
meable, £1.00 is poorly permeable). Plasma protein binding (PPB) estimates the overall percentage bound in blood plasma
protein. Central nervous system (CNS) values of £-3.50 indicate nonpenetrant to CNS; —3.50 to —3.00, weak penetrant;
and >-3.00, penetrant. Human intestinal absorption (HIA) values of >70% are highly absorbed; 30%-70%, moderately

absorbed; and £30%, poorly absorbed.

PPB varied significantly among the agonists, ranging
from 2% to 97% (Table 5). Thirteen of the 31 agonists are
CNS penetrant and may produce beneficial or detrimental
pharmacological effects on the human CNS. Twenty-two
agonists are considered to have high HIA, six have moder-
ate absorption, and three have poor absorption (Table 5).

The physicochemical drug-like properties varied
among the 31 agonists. Twenty had optimal Lipinski vio-
lation, and 14 had optimal lead-like violation (Table 6).
All the agonists are predicted as either undefined or non-
inhibitors of the five common cytochrome P450 enzymes
involved in drug—drug interactions (Table 7). Undefined
means the agonist obtained a borderline score between

inhibitor and noninhibitor. Hence, the chance of obtain-
ing a correct prediction is low. The predictions of the
Ames test classify all 31 agonists as undefined mutagenic
(Table 7). Two of the agonists are predicted to be nonin-
hibitors of the hERG channel; the others are undefined.

DISCUSSION

Cisplatin is a well-known antitumor agent with numer-
ous side effects. Its efficacy in endometrial cancer treat-
ment is reducing due to drug resistance®. Therefore, a
novel treatment replacing cisplatin or an adjuvant therapy
for reducing its dosage is required. Cordycepin is a bio-
active constituent of C. sinensis, which has been reported
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Figure6. Structures of (A) cordycepin, (B) 2-chloroadenosine,
(C) 2¢6Me-CCPA, and (D) MRS5698.

as a potential compound against liver cancer, pancreatic
cancer, and breast cancer because it induces cellular
apoptosis and regulates the cell cycle”®. This study is the
first to determine that cordycepin can inhibit the prolif-
eration of endometrial cancer cells and induce cellular
apoptosis. Furthermore, a combination of cordycepin and
cisplatin has a greater potential against endometrial can-
cer than cisplatin alone. The data from cytotoxicity and
clonogenic assays show that combinations of cordycepin
and cisplatin had higher inhibition rates and lower SF
than those of the single compounds (Tables 1 and 3). The
IC,, values were lowest in the combinations, followed by
cisplatin and cordycepin (Table 2). The CI demonstrated
synergistic effects of the two compounds. This study pro-
vides evidence that cordycepin can enhance the inhibi-
tory effect of cisplatin on Ishikawa cells.

The cellular apoptosis analysis confirmed that cordyce-
pin could induce cellular apoptosis in Ishikawa cells in
a significant dose-dependent manner. The rate of apop-
tosis was positively correlated with inhibition rate with
an excellent correlation coefficient of RF>0.9, indicat-
ing that cordycepin inhibits the proliferation of Ishikawa
cells by inducing cellular apoptosis. The cytotoxicity
assay showed cisplatin’s inhibition of the proliferation of
Ishikawa cells with efficacious IC,, values of 3.74 pg/ml
for cancer treatment. However, the results of the cellu-
lar apoptosis investigations showed its rate of apoptosis
was low (Figs. 1 and 2), which indicates that the abil-
ity to inhibit Ishikawa cell growth does not come from
induced cellular apoptosis. Thus, cordycepin and cispla-
tin may have different pharmaceutical mechanisms, and
combining them may produce advanced inhibition of

FONG ET AL.

endometrial cancer cells. The rates of apoptosis of the
combinations were positively correlated with the inhibi-
tion rates (R°>0.9).

To further investigate the effect of cordycepin on
Ishikawa cells, cell cycle analysis with flow cytometry
was used. The results show that cordycepin can arrest
cells in the G,/G, phase (Table 4), which means that
cordycepin has the potential to interfere with the expres-
sion of MRNA and affect DNA synthesis. Hence, cells
will not be able to proliferate DNA and enter the S phase,
and eventually cellular apoptosis and cell death will
result. Unlike cordycepin, cisplatin can arrest Ishikawa
cells in the S phase (Table 4) and potentially interfere
with DNA synthesis. This means that cisplatin somehow
inhibits the proliferation of Ishikawa cells by regulating
the cell cycle. The combinations of cordycepin and cis-
platin achieved the best results in the cytotoxicity assays,
cellular apoptosis analysis, and cell cycle analysis. Thus,
further in vivo or animal synergistic studies on the com-
bined use of cordycepin and cisplatin would be of value.

A review of previous studies has demonstrated the
rapid metabolism of cordycepin by ADAY. This may
affect the bioavailability and, hence, the effectiveness
of cordycepin in clinical use. We therefore performed
computational docking simulations on 31 cordycepin
derivatives, aiming to preserve the antitumor activity of
cordycepin but with lowered metabolism by ADA.

The resulting docking scores reveal that most of the
A,AR agonists bind to A,AR more stably than cordycepin
does. These agonists were developed based on the chemi-
cal structure of cordycepin, and most of them have been
shown to have high binding affinities against A,AR.
Our results align with the literature and further endorse
the assertion that these agonists have similar binding
affinities to cordycepin. This A,AR binding is the main
pharmacological mechanism of the antitumor effects of
cordycepin®.

Of the 31 agonists, CGS21680 and apadenoson
achieved the most favorable binding to A;AR, as indi-
cated by the highest docking score (Table 5). This sug-
gests that both agonists may have antitumor effects that
are similar to or better than those of cordycepin. However,
their docking scores against ADA were 78.86 and 75.72,
which are higher than that of cordycepin (Table 5). ADA
is responsible for the rapid metabolism of cordycepin.
Hence, both CGS21680 and apadenoson will also be rap-
idly metabolized by ADA and could not exert the required
antitumor activities.

In the docking simulations of ADA, half of the 31 ago-
nists bound less favorably than cordycepin. This indicates
that half of them may be metabolized less rapidly than
cordycepin. Among these agonists, the binding affin-
ity of MRS5698 was less than half that of cordycepin
(Table 5). This indicates that the additional functional



CORDYCEPIN DERIVATIVES FOR EC TREATMENTS 247
Table 6. Physicochemical Drug-Like Properties of the 31 A;AR Agonists

H-Bond H-Bond Rotatable Aqueous
Ligand LogP MW Donors Acceptors Bonds Rings Lipinski Lead-Like Solubility
MRS5698 3.09 565.0 4 9 7 6 1 1 0.007
2-Chloroadenosine -0.47 301.7 5 9 2 3 0 0 0.55
26Me-CCPA 1.87 383.8 4 9 4 4 0 0 0.27
TCPA 1.09 4975 6 14 7 6 2 3 0.52
NECA -0.83 308.3 5 10 3 3 0 1 19.1
MRE3008F20 2,26 4234 2 11 6 5 1 1 0.38
2-Phenylethylyl-adenosine derivative 1.1 408.4 4 10 5 4 0 1 0.35
Adenosine -0.98 267.2 5 9 2 3 0 0 1.62
GS9667 144 3614 4 9 7 3 0 0 0.08
Binodenoson 0.33 391.4 6 11 5 4 2 2 0.39
(R,S-PHPNECA -0.47 301.7 5 9 2 3 0 0 0.55
N(6)-cyclohexyladenosine 1.29 3494 4 9 4 4 0 0 0.73
HEMADO 1.44 3614 4 9 7 3 0 0 0.08
CIl-IB-MECA 2.36 544.7 4 10 5 4 1 2 0.1
Regadenoson -1.82 3904 6 13 4 4 2 2 5.27
Piclidenoson 1.69 510.3 4 10 5 4 1 2 0.56
Cyclopentyladenosine 0.88 355.4 4 9 4 4 0 0 1.19
PENECA 0.66 408.4 5 10 5 4 0 1 0.19
BAY60-6583 243 3794 4 7 9 3 0 0 0.004
AB-MECA 0.98 498.3 6 10 5 4 1 3 0.29
MPC-MECA 0.91 428.3 4 11 7 4 1 1 2.52
MRS3558 1.86 463.3 4 9 5 5 0 1 0.05
2-Hexynyl-NECA 0.56 388.4 5 10 7 3 0 1 0.23
Apadenoson 1.08 486.5 5 12 8 4 1 2 0.21
CCPA 165 369.8 4 9 4 4 0 0 0.28
(9-PIA 195 3854 4 9 6 4 0 0 0.09
CP608,039 195 3854 4 9 6 4 0 0 0.09
CGS21680 0.69 499.5 7 13 10 4 2 3 15.1
MRS5151 -0.83 308.3 5 10 3 3 0 1 19.1
I-ABA 1.29 3494 4 9 4 4 0 0 0.73
(R)-PIA 195 3854 4 9 6 4 0 0 0.09

Log P represents octanol-water partition coefficient under standard conditions at 25°C (values for optimal drug-like properties are —1.00 to 4.20). MW
indicates molecular weight (optimal values are £460.00). Optimal numbers of H-bond donors, H-bond acceptors, rotatable bonds, and rings are £5,
£10, £10, and <4, respectively. Optimal numbers of violations for both Lipinski and lead-like are <1. Aqueous solubility was calculated at pH 6.4 and
in mg/ml (£0.01 indicates highly insoluble; 0.01-0.1, insoluble; and >0.1, soluble).

groups of MRS5698 related to cordycepin are some-
how unfavorable to binding with ADA. Through careful
analysis of the binding mode of MRS5698, we noticed
that several hydrogen atoms of MRS5698 and the bind-
ing site residues of ADA are located very close to each
other (Fig. 7A). This may produce repulsive interactions
between MRS5698 and ADA. In the binding of cordyce-
pin and ADA, these hydrogen interactions are absent
(Fig. 7B), although MRS5698 is predicted to have a simi-
lar binding affinity to cordycepin (Table 5). This indicates
that MRS5698 can bind to A;AR and attenuate cancer cell
growth, but with less metabolism by ADA.

Studies show that MRS5698 is highly selective to
human and mouse A AR, as indicated by a K; value of
3 nM*®. Its binding to A,AR is about 1,000 times stronger
than that of the structurally similar subtypes of adenosine

receptors, A,AR and A,AR*. Paoletta et al.* also reported
the high selectivity of MRS5698 in more than 50 other
cell surface receptors and ion channels. This high spec-
ificity lessens the possibility of adverse side effects
resulting from binding to other receptors.

MRS5698 is predicted to be a penetrant of the CNS,
as indicated by its CNS value of less than —3.00 (Table 5).
This indicates the possibility of producing biological
effects in the human CNS, which can be beneficial or
detrimental. MRS5698 has been shown to cross the
blood-brain barrier*® and possibly produce neuroprotec-
tive effects with a similar mechanism to cordycepin®.
Certainly, further investigations of these potentially ther-
apeutic effects are required.

In our study, MRS5698 obtained an HIA value of
100% (Table 5), which indicates that it can be effectively
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Table 7. Drug Safety of the 31 A;AR Agonists

Ligand Ames hERG CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4
MRS5698 0.43 0.40 U U U U U
2-Chloroadenosine 0.42 0.36 NI NI NI NI NI
2¢Me-CCPA 0.44 0.41 NI NI NI NI NI
TCPA 0.47 0.42 NI NI U NI NI
NECA 0.56 0.31 NI NI NI NI NI
MRE 3008F20 0.48 0.46 U U U U U
2-Phenylethylyl-adenosine derivative 0.43 0.39 NI NI NI NI U
Adenosine 0.47 0.37 NI NI NI NI NI
GS9667 0.42 0.37 NI NI NI NI NI
Binodenoson 0.46 0.42 NI NI NI NI NI
(R,S9-PHPNECA 0.42 0.36 NI NI NI NI NI
N(6)-cyclohexyladenosine 0.39 0.41 NI NI NI NI NI
HEMADO 0.42 0.37 NI NI NI NI NI
Cl-IB-MECA 0.42 0.38 NI U U NI NI
Regadenoson 0.48 0.37 NI NI NI NI NI
Piclidenoson 0.46 0.37 NI NI U NI NI
Cyclopentyladenosine 0.4 0.42 NI NI NI NI NI
PENECA 0.48 0.41 NI NI NI NI U
BAY60-6583 0.55 0.47 U U U U U
AB-MECA 0.47 0.4 NI NI NI NI NI
MPC-MECA 0.47 0.41 NI NI NI NI U
MRS3558 0.46 0.4 NI U U NI U
2-Hexynyl-NECA 0.49 0.34 NI NI NI NI U
Apadenoson 0.39 0.34 NI NI NI NI U
CCPA 0.43 0.4 NI NI NI NI NI
(9-PIA 0.38 0.35 NI NI NI NI NI
CP608,039 0.38 0.35 NI NI NI NI NI
CGS21680 0.42 0.45 NI NI NI NI NI
MRS5151 0.56 0.31 NI NI NI NI NI
I-ABA 0.39 0.41 NI NI NI NI NI
(R)-PIA 0.38 0.35 NI NI NI NI NI

CYP, cytochrome P450; NI, noninhibitor; U, undefined. Ames test estimates mutagenic potential (£0.33 indicates nonmutagenic; 0.33-0.67, undefined,;
and >0.67, mutagenic). hERG predicts interaction potential with the hERG channel, which may cause cardiotoxicity (£0.33 indicates noninhibitor;

0.33-0.67, undefined; and >0.67, inhibitor).

_Gul27 2,034

z.u{\‘__‘-
/ /\“‘"- R
A Asp"}ﬁnﬂ J Mp{](’ s
g X -‘( <8

(A)

ZIPO\

' ;
,_/_I /! 5 =N\
7Y r t - f‘, T
e 1 \ .
s ‘{ P f,r\. b ’k\_r
hp.* T J-‘mspl 85
AT leusz i N 2
AY 2294, 13184 \2.T8A N\
“K ' : o BN 1188
/ “ 1594
2238 “314A 1.68A =R
Phe6s His157, | S
Metl 55 ! s
! : fetl Wi /\\. S\
\LISA X
A , ML
(B)

Figure 7. Binding mode of (A) MRS5698 and (B) cordycepin in ADA active site.
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absorbed by the human intestine. However, it obtained a
poor Caco-2 value in both this study (Table 5) and that of
Tosh et al.*®, suggesting the intestinal efflux of MRS5698,
which may affect its total absorption in humans.
Nevertheless, MRS5698 has already demonstrated good
oral absorption and was highly efficacious in animal
studies when administered orally*. With regard to PPB,
MRS5698 is predicted to have a value of 76%. In general,
a PPB value of more than 80% indicates some clinical
concern®® because large amounts of the drug may bind to
plasma protein with only a small proportion reaching the
target. Moreover, high PPB values also indicate a higher
chance of drug—drug interactions via competing plasma
proteins. Nevertheless, some commonly used drugs such
as dicloxacillin and flucloxacillin have PPB values of
greater than 90%%.

In terms of the drug safety profile, MRS5698 was
predicted to be “undefined” for all five CYP isoforms
(Table 7); that is, it obtained a borderline score between
inhibitor and noninhibitor. This agrees with the in vitro
ADME studies performed by Tosh et al.”’, in which
MRS5698 exhibited no or poor inhibitory activities against
the three major CYP isoforms CYPA4 (47 uM), CYP2C9
(22 uM), and CYP2D6 (40 uM). Hence, MRS5698 is
generally stable in liver microsomes and has a low prob-
ability of causing significant drug—drug interactions. In
both the Ames and hERG tests, MRS5698 was classified
as “undefined” (Table 7), which means our calculations
may not correctly predict its mutagenicity and cardiotox-
icity. Tosh et al.”® performed a non-GLP bacterial reversed
mutation assay on MRS5698 and found it did not pro-
duce mutagenic effects on strains TA97, TA98, TA100,
and TA102. Hence, the possibility of causing mutagenic
effects in humans is low. The group also evaluated the
inhibition activity of MRS5698 on the hERG channel
and obtained an IC., value of 12 pM. This suggests a low
possibility of causing cardiac arrhythmias, which is one
of the major safety factors leading to the withdrawal of
prescription drugs worldwide®.

MRS5698 fulfills all the criteria for drug-like physio-
chemical properties except MW, which is slightly higher
than the general cutoff weight of 500 (Table 6). This MW
value is not necessarily a factor indicating poor bioavail-
ability®, especially given that the Drug-Likeness and
Molecular Property Prediction software indicated prom-
ising drug-like properties. The drug-likeness score for
MRS5698 calculated by the software was 1.54, which
suggests that MRS5698 has drug-like properties similar
to most marketed medicines ¥'.

Several in vitro and in vivo studies have demonstrated
the analgesic therapeutic effects of MRS5698 on chronic
pain, including metastatic cancer pain, chemotherapy-
induced neuropathy, and nerve injury®. With regard to
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cancer treatment, no published literature was found in
searches of PubMed, the Cochrane Library, Google
Scholar, and Science Direct. We therefore believe that
this study is the first to suggest the anticancer effects,
especially on endometrial cancer, of MRS5698.

Furthermore, MRS5698 can be synthesized on a large
multigram scale at reasonable cost®. Given the phar-
macological, pharmacodynamic, and pharmacokinetic
parameters suggested by this study and the published lit-
erature, MRS5698 has high potential for further in vitro
and in vivo investigation with the aim of developing safe
and high-efficacy cancer treatment.

Another two compounds of note are 2-chloroadenos-
ine and 2¢Me-CCPA (Fig. 6). Like MRS5698, they have
higher binding affinities for A,AR and a lower affinity
for ADA than cordycepin. Hence, they may exert anti-
cancer effects with less ADA metabolism. The potential
advantages of these compounds over MRS5698 are their
lower MW (<500) (Table 6) and much lower PPB% and
the fact that they are noninhibitors of all five CYP iso-
forms. However, both have higher ADA affinities than
MRS5698, and 2-chloroadenosine has a low HIA value
(Table 5). Nevertheless, the promising properties of
2-chloroadenosine and 2¢Me-CCPA indicate the worthi-
ness of further investigations after the further investiga-
tion of MRS5698.

In conclusion, this study discovered the inhibitory
effects of cordycepin on endometrial cancer cells. The
effects were achieved by inducing the arrest of G,/G,
phase cells and causing cellular apoptosis. Combinations
of cordycepin and cisplatin possessed better antitumor
effects in terms of inhibiting the proliferation of cancer
cells, inducing cellular apoptosis, and regulating the cell
cycle than the single compounds. This synergistic effect
clearly exposes the potential of cordycepin as an adjunc-
tive therapy with cisplatin, which may reduce the required
chemotherapy dosage and hence reduce the adverse reac-
tions caused by the drug.

The in silico simulations of binding affinities and
drug-likeness properties on compounds with similar
chemical structures to cordycepin revealed several poten-
tial drug candidates for cancer treatment. The most prom-
ising compound is MRS5698, followed by 2¢Me-CCPA
and 2-chloroadenosine. Like cordycepin, they are able to
stimulate the activities of A,AR, but with less metabolism
by ADA. They also have acceptable drug-likeness and
safety profiles. Further investigation and optimization of
these compounds could contribute to the development of
novel treatments for endometrial cancer.
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