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This study determined the in vitro potential of
novel compounds adamantyl-N-acetylcystein and
adamantyl isothiocyanate to treat gynecological
cancers. Adamantyl-N-acetylcystein is postulated
to be an in vivo metabolite of adamantyl isothiocy-
anate as dietary isothiocyanates are converted to
N-acetylcysteine-conjugates. A viability assay sug-
gested that adamantyl isothiocyanate and ada-
mantyl-N-acetylcystein are cytotoxic to cancer
cells including gynecological cell lines. A NCI60
cancer cell assay revealed that growth-inhibition
and cytotoxicity of adamantyl-N-acetylcystein
were cell line, but not tissue type-specific. Cell
cycle studies revealed that adamantyl-N-acetyl-
cystein and adamantyl isothiocyanate arrest
SKOV-3 ovarian cancer cells in G2/M phase. By
TUNEL, immunoblotting, and viability studies
employing caspase and p38 mitogen-activated pro-
tein kinase inhibitors, we proved that reduction in
SKOV-3 viability is a consequence of DNA frag-
mentation and apoptosis. Cytotoxic action of ada-
mantyl-N-acetylcystein in SKOV-3 and endometrial
cancer (ECC-1, RL95-2, AN3CA, and KLE) cells
required excess generation of reactive oxygen spe-
cies which could be blocked by antioxidant co-
treatment. Adamantyl-N-acetylcystein treatment
led to modified expression or activation of apopto-
tic and oncogenic proteins such as JNK/SAPK,
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AKT, XIAP, and EGF-R for SKOV-3 and JNK/SAPK
and ERK1/2 for ECC-1 cells. We suggest the fur-
ther development of adamantyl-N-acetylcystein by
sensitizing cells to the drug using signaling inhibi-
tors or redox-modulating agents and by evaluating
the drug efficacy in ovarian and endometrial in-
vivo tumor models.
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Epithelial ovarian cancer represents the most lethal and uterine
endometrial cancer the most common gynecologic cancer. Ovarian
cancer caused approximately 13 800 deaths, and 21 800 new cases
were diagnosed in the year 2010 in the United States. Approximately
43 000 new cases of endometrial cancer are diagnosed each year in
the United States with 7900 deaths occurring annually secondary to
this malignancy.? Initial treatment for each of these cancers involves
surgical staging to determine the extent of disease and need for
adjuvant treatment. When systemic disease is identified as cytotoxic,
chemotherapy plays an important role in the treatment of patients
with advanced stage disease. Despite systemic chemotherapy, the
majority of patients with ovarian cancer will experience a recurrence
of their disease with median progression free survival of about
18 months and median overall survival of 38 months (1,2). Many of
these patients with recurrent disease will ultimately develop plati-
num- and multidrug-resistant tumars. In contrast to ovarian cancer,
the majority of patients with endometrial cancer will be diagnosed
with early-stage disease and cured with surgery alone (3). However,
for patients with advanced stage or recurrent endometrial cancer,
adjuvant treatment with systemic chemotherapy is required. The cur-
rent chemotherapeutic regimens for advanced stage or recurrent
endometrial cancer can include, either alone or in combination, doxo-
rubicin, platinum, and taxanes. The drug combination of cisplatin and
doxorubicin in patients with systemic disease has a response rate of



up to 42% with a progression-free survival of 5.7 months as
reported by Thigpen et al. (4). Similarly, the drug combination of pac-
litaxel and carboplatin yielded response rates of 78% in patient trea-
ted for primary disease with a median progression-free survival of
23 months (5). For each of these malignancies, chemoresistant
tumors are problematic in the treatment and management of the
patients. For these reasons, novel drugs are essential to improve the
response rates and efficacies of current chemotherapeutic regimens.

Isothiocyanates (ITC) present as thioglucoside conjugates in crucifer-
ous vegetables are a newly recognized class of potential antitumor
agents and suppressors of multi-drug resistance in cancer (6).
Phytochemical dietary ITC in the human body are converted to
glutathione, cysteinylglycine, and mercapturic acid derivatives or
N-acetylcysteine metabolites that can be disposed of through uri-
nary excretion. For various ITC, as well as their N-acetylcysteine
conjugates, antitumorigenic activity in vivo was shown (7-10). The
objectives of this study were (i) to design an ITC derivative with
improved antineoplastic features that (ii) displays preserved cyto-
toxic activity even after conversion into the N-acetylcysteine deriva-
tive and to (iii) treat gynecological tumors such as ovarian or
endometrial cancer.

Naturally occurring ITC such as BITC, PEITC, and sulforaphane were
shown to induce cell cycle arrest and apoptosis (11-13), to sup-
press angiogenesis with disruption of microtubule polymerization
(14,15) and to inhibit the function of P-glycoproteins and other fac-
tors implicated in emergence of drug resistance (16,17). Antineo-
plastic effects of dietary N-acetylcysteine conjugates, for example,
benzyl and phenethyl ITC, are based on similar mechanistic effects
as their parent compounds, such as induction of apoptosis, cell
cycle arrest, p53, matrix-metalloproteinase- and mitogen-activated-
protein-kinase (MAPK) activation (18-20). In addition, synthetic ITC
such as E-4IB, PHITC, 7Me-IEITC, or NB7M with increased in vitro
potency as compared to various naturally occurring ITC have been
developed. Cytotoxic mechanisms of these electrophilic organic
compounds, characterized by a (R-N=C=S) functionality, include rapid
induction of apoptosis, alteration of MAPK signaling, and cell cycle
inhibitory effects in cancer cells including ovarian cancer cell lines
(21-25). To date, no studies describing the biological effects of
N-acetylcysteine conjugates or other potential metabolites of these
synthetic ITC have been published. In this manuscript, we describe
a de novo synthesis of ITC-based compounds with an adamantyl
moiety, adamantyl-N-acetylcystein (AC-AM) and adamantyl isothiocy-
anate (ITC-AM), and their cytotoxic effects against a panel of cells
from different tumor tissues. The polycyclic adamantyl scaffold (also
termed adamantane) was originally discovered in petroleum in 1933
and launched a new chemistry field studying the properties of poly-
hedral organic compounds. Adamantyl, first synthesized in 1941
(26), has been used in medical applications since the early 1960s
and was introduced to the clinic as amino-derivatives, e.g., as
‘Amantadine’ for the treatment of influenza and Parkinson's disease
and as 'Memantine' to treat Alzheimer's disease (27; and refs
therein). Adamantyl moieties have also been used to modify the
pharmacokinetics of clinical drugs (e.g., by reducing cholinesterase
hydrolysis) or to add steric features as for therapeutic AIDS drug
zidovudine. To date, studies on the biological functions of
compounds with an adamantyl scaffold are limited. It has been
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suggested that retinoid compounds substituted with adamantyl or
adamantyl derivatives inhibit angiogenesis and the growth of cell
lines derived from cancer tissues including leukemia, breast, lung,
and prostate tumors and induce apoptosis (28-30). In this report,
we examined the therapeutic potential of AC-AM to treat platinum-
resistant ovarian cancer cells and steroid-responsive and non-
responsive endometrial cancer cells by analyzing the generation of
reactive oxygen species (ROS) and associated pro-apoptotic signal-
ing and cytotoxicity.

Material and Methods
Synthesis of AC-AM, ITC-AM

Synthesis of ITC-AM

Adamantyl methyl amine was dissolved in ethyl acetate/H,0 (1:1)
and stirred at 0-5 °C in the presence of sodium bicarbonate (20%
w/Vv). To the reaction mixture, thiophosgene (1.25 eq) was added
dropwise. The mixture was stirred at 0-5 °C for 4 h, and thin-layer
chromatography indicated complete conversion. The reaction mixture
was transferred to a separatory funnel, the organic layer collected,
dried over anhydrous sodium sulfate, and concentrated under reduced
pressure to afford a semisolid that solidified to afford off-white solid
ITC-AM characterized by mass spectrometry, MS = 208 (M*HJ".

Synthesis of AC-AM

To the solution of ITC-AM dissolved in ethyl acetate/H,0 (1:1),
commercially available N-acetyl cysteine (1.25 eq) was added, and
the reaction mixture was stirred for 48 h at room temperature in
the presence of sodium bicarbonate (20% w/v). The ethanol was
removed under reduced pressure and the residue extracted with
ethyl acetate (2 x 25 mL). The pH was lowered by dropwise addi-
tion of HCI (2N) until the solution turned milky white, and the reac-
tion mixture was then extracted with ethyl acetate (3 x 25 mL).
The organic layer was dried over anhydrous sodium sulfate and
concentrated under reduced pressure to afford the cysteinyl deriva-
tive (AC-AM). Adamantyl-N-acetylcystein was characterized by mass
spectroscopy and 'H NMR (CDCl3): 7.7571 (bs, 1H, NH), 7.61 (bs,
TH, NH), 4.64 (bs, 1H, CH), 3.94-3.83 (d, 2H, NCH,), 3.52-3.47 (d,
2H, SCH,), and 2.15-1.54 (m, 20H).

Adamanty! isothiocyanate and AC-AM were dissolved in DMSO
(50 um stock solution) and further diluted in media for tissue cul-
ture experiments. The final DMSO concentration in these assays
was 0.08%. Controls were treated with the vehicle alone.

Cell culture

Human cell lines SKQV-3, (ovarian epithelial adenocarcinoma), Hela
(epithelial cervix adenocarcinoma), A-431 (epidermoid carcinoma),
PC-3 (prostate adenocarcinoma), ECC-1, RL95-2, AN3CA, KLE (all
endometrial adenocarcinoma; for specification, see Discussion sec-
tion and http://www.atcc.org) were obtained from American Type
Culture Collection (Manassas, VA, USA), and HUVEC (human umbili-
cal vein endothelial cells) were obtained from Lonza Inc. (Allendale,
NJ, USA). TCL-1 cell line (immortalized retroviral large T-antigen
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transfected trophoblasts) was provided by Dr. S. Sharma (Woman &
Infants Hospital, Providence, RI, USA) and the SMS-KCNR neuro-
blastoma cell line by Dr. Giselle Saulnier Sholler (University of Ver-
mont, Burlington, VT, USA). All cells were seeded at 5 x 10°/T75
cell culture flask (Corning, New York, NY, USA) and cultured to
approximately 80% confluency according to the provider's recom-
mendations in complete medium supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA),
100 U/mL penicillin, and 100 ug/mL streptomycin at 37 °C, 5%
CO,, in a humidified incubator. RL95-2 were grown in complete
DMEM supplemented with 0.005 mg/mL insulin (SAFC Biosciences,
Lenexa, KS, USA). For all assays, cells were collected by trypsiniza-
tion (0.25% Trypsin-EDTA), washed in complete medium, and
allowed to attach overnight before treatment as indicated in com-
plete medium. Antioxidant ascorbic acid (Sigma-Aldrich, St. Lois,
MO, USA) was added to some assays as indicated in the result
section at the concentration of 500 um to determine the effect of
scavenging of radicals before and after drug treatment.

Cell viability assay

Viability of cell lines was determined by the CellTiter 96 AQueous
One Solution Assay (Promega Corp, Madison, WI, USA), following
the manufacturer's recommendations with suitable modifications
(31). Briefly, cells were seeded into a 96-well microtiter plate at
1% 10* cells/100 uL per well and treated in complete medium
(DMSO0) as indicated for 24 h. During the last 4 h of incubation, the
MTS reagent was added at a 1:10 dilution to the medium. For
assays with inhibitors (p38 MAPK: #559389; Calbiochem, La Jolla,
CA, USA; Pan-caspase #FMK001, caspase-3 Z-DEVD-FMK and cas-
pase-9 #Z-LEHD-FMK; R&D Systems, Minneapolis, MN, USA), the
cells were preincubated with 40 um inhibitor for 2 h prior to adding
the drug. After the treatment period, absorbance was measured at
490 nm in an ELISA plate reader (Thermo Labsystems, Waltham,
MA USA). Experiments were performed in triplicates; data are
expressed as the mean of the triplicate determinations (X + SD) of
a representative experiment in percentage of absorbance by sam-
ples with untreated cells [=100%)].

NCI 60 cancer cell line assay

Adamantyl-N-acetylcystein was screened through the National Can-
cer Institute (NCI) Developmental Therapeutics Program 60 human
cancer cell line panel under the in vitro Cell Line screening Project.
Briefly, cells (5000-40 000 cells/well depending on the cell line
studied) were inoculated into 96-well microtiter plates in 100 ul
complete RPMI1640 medium (5% FBS and 2 mm L-glutamine) and
incubated 24 h prior to the addition of AC-AM. After the addition
of the drug, the plates were incubated at 37 °C, 5% CO,, 95% air,
and 100% relative humidity for an additional 48 h. Upon the addi-
tion of 50 ul of cold TCA (10% TCA), the assay was terminated
and incubated for 60 min at 4 °C to fix the cells. The supernatant
was discarded, and the plates were washed five times with water
and air-dried. Sulforhodamine B solution (100 ul) at 0.4% (v/v) in
1% acetic acid was added to each well and plates incubated for
10 min at room temperature. After staining, unbound dye was
removed by washing five times with 1% acetic acid, and the plates
were air-dried. Bound stain was subsequently solubilized with
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10 mm trizma base, and the absorbance was read on an automated
plate reader at a wavelength of 515 nm. Using absorbance mea-
surements [time zero (Tz), control growth (C), and test growth in the
presence of drug at the drug concentration (Ti)], the percentage
growth was calculated. Percentage growth inhibition was calculated
as: [(Ti-Tz)/(C-Tz)] x 100 for concentrations for which Ti = Tz, [(Ti-
Tz)/Tz] x 100 for concentrations for which Ti < Tz.

Cell cycle analysis

Cell cycle analysis and quantification of apoptosis were carried out
by flow cytometry. SKOV-3 (1.0 x 10) cells were seeded into 100-
mm cell culture dishes and treated with 10 pm ITC-AM or AC-AM
for 12, 18, or 32 h. At the end of the incubation period, cells were
harvested and transferred into 15-mL polypropylene centrifuge tubes.
After centrifugation (250 x g, 5 min), the cells were fixed by adding
the ice-cold 70% ethanol solution gradually. The cells were stained
in the buffer containing propidium iodide (100 ug/mL), sodium citrate
(1 mg/mL), and Triton-X-100 (3 wuL/mL) for 30 min at 37 °C in the
dark. Data were acquired on a BD FACSort flow cytometer using Cell-
Quest software (BD Immunocytometry Systems, San Jose, CA, USA)
and analyzed using ModFit LT software (Verity Software House Inc.,
Topsham, ME, USA). Ten thousand events were analyzed for each
sample. The same gate was used on all samples, ensuring that the
measurements were taken on a standardized cell population.

TUNEL assay

DNA fragmentation was detected using the DeadEnd™ Fluorometric
TUNEL System assay (Promega), according to the manufacturer's rec-
ommendations. Cells (5 x 10%/well) were plated into 96—well, flat-
bottom plates (Corning Inc., Corning, NY, USA), treated with 10 um
AC-AM, and the assay was carried out as described previously (31).
Fluorescence of apoptotic cells (green; labeling of DNA nicks by
fluorescein-12-dUTP) and of chromatin (red; staining of chromatin
with propidium iodide) was detected by fluorescence microscopy
with an inverted microscope (Nikon Eclipse TE2000-E; Nikon Instru-
ments Inc., Melville, NY, USA) and a 10x objective. Four randomly
chosen microscopic fields were captured.

Western blot analysis

SKOV-3 cells (1.5 x 10°) were seeded into 100-mm cell culture
dishes and treated with 10 um AC-AM for 6, 18, or 32 h. Prepara-
tion of cell lysates, PAGE, and immunoblotting was carried out as
described previously (32) in Cell Extraction Buffer (Invitrogen, Carls-
bad, CA, USA) supplemented with protease inhibitor cocktail and
phenylmethylsulfonyl fluoride (Sigma-Aldrich), according to the man-
ufacturers' recommendations. Samples (50 pg/sample) were sepa-
rated using the Xcell SurelLock™ mini-cell electrophoresis system
(Invitrogen) on NuPAGE® 4-12% Tris-Bis Gel in NuPAGE® MES
SDS running buffer, transferred onto a PVDF membrane, blocked
with 5% non-fat dry milk in PBS-Tween, and probed against various
primary antibodies (against caspase-3 #9665, caspase 9 #9501,
XIAP #2045, non-activated p38 #4631, and against phosphorylated
EGFR #4407S, ERK1/2 #436, p38 # 92155, AKT #193H12,
JNK/ SAPK #46687 all from rabbit in a dilution of 1:1000, Cell Sig-
naling Technologies, Danvers, MA, USA; cleaved PARP-1 #51-90000
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from mouse, 1:2000, BD Biosciences, San Jose, CA, USA, or beta-
actin #sc-47778 from mouse, dilution 1:2000, HE4 #sc-1603 from
goat, dilution 1:100, Santacruz Biotechnology, Santa Cruz, CA, USA).
The bands were visualized using horseradish peroxidase-conjugated
secondary antibody (Amersham-Pharmacia Biotech, Piscataway, NJ,
USA), followed by enhanced chemiluminescence (Upstate, Waltham,
MA, USA) and documented by autoradiography (F-Bx810 Film; Phe-
nix, Hayward, CA, USA).

Detection of intracellular ROS

Detection of intracellular ROS after SKOV-3 treatment with AC-AM
was measured by flow cytometry using carboxy-H2DCFDA dye (Invi-
trogen) as a probe. Carboxy-H2DCFDA is the acetylated form of a
reduced fluorescein derivative that is cell permeable and non-fluo-
rescent. Once the acetate groups are cleaved by intracellular ester-
ase activities, this compound becomes charged and retained within
the cell. In the presence of a cellular oxidant, the compound is oxi-
dized and produces green-fluorescence that is detected by flow
cytometry. This dye detects the following ROS: hydrogen peroxide
(H,0,), hydroxyl radical (HO®), and peroxyl radical (ROO®). Cells
(1.0 x 10°) were seeded into 100-mm cell culture dishes and trea-
ted with 10 um AC-AM for 6 or 16 h. Following the treatment with
AC-AM, cells were incubated with 25 um of carboxy-H2DCFDA for
30 min at 37 °C with 5% CO, in a humidified incubator, harvested,
washed with 1xPBS, and suspended in PBS. Data were acquired on
a BD FACSort flow cytometer using CellQuest software (BD Immuno-
cytometry Systems) and analyzed using ModFit LT software (Verity
Software House Inc.).

Results

Adamantyl isothiocyanate and AC-AM are
cytotoxic to various human cancer cell lines
including gynecological tumor cells

For the present study, we designed new ITC-based compounds with
an adamantyl scaffold, AC-AM and ITC-AM (Figure 1A). Adamantyl
is a diamondoid cycloalkane consisting of three cyclohexane rings
with a scaffold which is both rigid and virtually stress free. Ada-
mantyl moieties can be used either as a scaffold for development
of therapeutic agents or as a modifier of pharmacokinetics (27; and
refs. therein). Adamantyl isothiocyanate was generated in one step
from commercially available adamantyl amine and characterized by
mass spectrometry, MS =208 (M*H)*. Adamantyl-N-acetylcystein
was generated in two steps from ITC-AM and commercially avail-
able N-acetyl cysteine (Material and Methods, Figure 1A) in good
yield (85%) and characterized by mass spectroscopy and 'H NMR.
["H NMR (CDCl5) data: 7.7571 (bs, 'H, NH), 7.61 (bs, 1H, NH), 4.64
(bs, TH, CH), 3.94-3.83 (d, 2H, NCH,), 3.52-3.47 (d, 2H, SCH2), and
2.15-1.54 (m, 20H)]. Adamantyl isothiocyanate and AC-AM were
dissolved in DMSO to a 50 um stock solution, which for tissue cul-
ture experiments was further diluted in media; controls were trea-
ted with vehicle alone (DMSO at a concentration of 0.08%).
Phytochemical dietary ITC in the human body are converted to
N-acetylcysteine conjugates, metabolites that can be disposed of
through urinary excretion. The postulated in vivo conversion
between ITC-AM and AC-AM is depicted (Figure 1B).
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In an initial approach to analyze potential antineoplastic effects of
ITC-AM and its derivative AC-AM, we performed a viability assay
employing various platinum-resistant cancer cell lines, SKOV-3 (ovar-
ian cancer) and ECC-1 (endometrial cancer) in comparison with Hela
(cervical), PC-3 (prostate), A-431 (epidermoid) cancer cells,
SMS-KCNR (neuroblastoma), as well as control TCL-1 (immortalized
trophoblasts) cells. The cells were treated for 24 h with various
concentrations (0—40 um) of the drugs and a colorimetric MTS
assay performed in which the resulting optical density is directly
proportional to the number of living cells. Both novel compounds,
ITC-AM and AC-AM, displayed dose-dependent cytotoxicity (Fig-
ure 2). Adamantyl-N-acetylcystein possessed a higher potency than
ITC-AM. All cancer cell lines responded to either drug at a concen-
tration of 220 um. The cytotoxicity depending on the cell line stud-
ied ranged from 13% to 63% for ITC-AM (Figure 2, left panel) and
39-80% for AC-AM (Figure 2, right panel). At a drug concentration
of 10 pum, AC-AM reduced the viability of ECC-1, PC-3, and SMS-
KCNR but not of SKOV-3, Hela, or A-431 cells. Endothelial HUVEC
cells did not respond to 10 um drug treatment but when treated
with 20 or 40 um, AC-AM displayed high cytotoxicity (unpublished
data). At a concentration of 40 um, both adamantyl derivatives
were highly effective toward all cancer cell lines studied. In contrast,
the viability of TCL-1 control cells was not significantly affected even
at drug concentrations of 40 um (Figure 2). This assay suggested
that, unlike for other ITC-based compounds, both the ITC derivative
of adamantyl and the N-acetylcystein derivative AC-AM are detri-
mental to cell lines derived from cancer tissues including those
from endometrial, ovarian, and cervical cancer tumors (ECC-1,
SKOV-3, and Hela cells lines, respectively). Adamantyl-N-acetylcy-
stein displayed a higher potency when compared to [TC-AM.

AC-AM display differential effects on cancer
cell lines derived from various tissues in a
NCI60 growth assay

The effects of AC-AM on a broad panel of chemoresistant cancer
cell lines of different tissue-types were determined by an NCI60
cancer cell-line growth screen. The concentration of the drug
achieving 50% growth inhibition (GI50), total growth inhibition (TGI),
and 50% cytotoxicity (LC50) was determined by the dose-response
curves against the five different concentrations of the drug ranging
from 10 nM to 100 um (Figure 3). Potent inhibitory activities by
AC-AM (G150 < 3 x 107® M) were observed for all cell lines tested
including 13 gynecological cancer cell lines (six isolated from ovar-
ian tumors including SKOV-3 and seven lines from breast tumors).
Remarkably strong growth inhibition (GI50 <5 x 107" M) was
observed in four of eight ovarian cancer cell lines, five of seven
breast cancer cell lines, two of two prostate cancer cell lines, five
of eight melanoma cell lines, two of eight renal cancer cell lines,
four of six leukemia cell lines, three of nine non-small cell lung
cancer cell lines, and six of seven colon cancer cell lines. It is inter-
esting to note that AC-AM in leukemia cells, contrary to all other
cancer cell types studied, predominantly displayed cytostatic but not
cytotoxic effects. The LC50 for five of six leukemia cell lines is
>100 um and could not be measured in this study. For the other
cell lines, the range of the LC50 is between 3.9 um (LOX IMVI) and
69 um (OVCAR-8) (Figure 3). In summary, the growth-inhibitory and cyto-
toxic drug effects were cell line-specific but not tissue type-specific
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Figure 1: Drug design. (A) Synthesis of adamantyl-N-acetylcystein (AC-AM). Adamantyl-N-acetylcystein is generated from adamantyl and
adamantyl isothiocyanate (AC-AM) as intermediate. (B) Postulated model of in vivo drug conversion. Phytochemical dietary isothiocyanate (ITC)
in the human body are converted to N-acetylcysteine conjugates (N-AC). N-AC can be converted in vivo to ITC or are disposed of through
urinary excretion. The postulated in vivo conversion between adamantyl isothiocyanate (ITC-AM) and AC-AM is depicted.
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Figure 2: Comparative analysis of cytotoxic effects by adamantyl isothiocyanate (ITC-AM) and adamantyl-N-acetylcystein (AC-AM) in
various human cancer cell lines. Human cell lines SKOV-3 (ovarian carcinoma), ECC-1 (endometrial carcinoma), Hela (cervix carcinoma),
SMS-KCNR (neuroblastoma), A-431 (epidermoid carcinoma), and TCL-1 (immortalized trophoblasts) were treated with various concentrations
(5-40 pm) of ITC-AM or AC-AM for 24 h. The MTS viability assay was carried out as described (Material and Methods). Data are expressed
as the mean of the triplicate determinations (X + SD) of a representative experiment in % of absorbance by samples with untreated cells
[=100%).

with the exception of the leukemia cell line. The viability assay per- cell cycle progression. We compared the effects of AC-AM with
formed by our laboratory in conjunction with the NCI60 screen sug- those of ITC-AM to determine whether both adamantyl derivatives
gests that AC-AM can potentially be developed to inhibit the potentially affect the cell cycle to a similar degree and in the same
growth of gynecological cancers and various other tumors. phases. Cell cycle analysis of propidium iodide-stained SKOV-3 cells

treated for 12, 28, or 32 h with 10 um of either AC-AM or [TC-AM
was carried out (Figure 4A). Both compounds caused a comparable

Cell cycle arrest after treatment of SKOV-3 increase in the count of apoptotic sub-diploidal/2n cells (sub-
ovarian cancer cells with AC-AM in comparison GO/G1, Figure 4B) in a time-dependent manner. With respect to
with ITC-AM cycling cells, both compounds caused a dose-dependent arrest of
We choose platinum-resistant SKOV-3 ovarian cancer cells to inves- SKOV-3 in the G2/M phase and a correlated decrease in cells in

tigate by flow-cytometry whether AC-AM can cause disturbances of G0/G1 phase. Within 12 and 18 h, cells were still capable of
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Figure 3: Cell growth after adamantyl-N-acetylcystein (AC-AM) treatment in NCIB0 cancer cell line screen. Cells were treated with AC-
AM or vehicle and cell growth of the TCA fixed treated and untreated cells assessed (Material and Methods) after 48 h with sulforhod-

amine-B (SRB) solution and absorbance read at 515 nm.

progressing through S phase as indicated by a decreasing cell
count. However, after 32 h of treatment, cells were arrested not
only in G2/M (28.9% for AC-AM, 20.1% for ITC-AM, and 11.9% for
controls) but also in S phase (33.3% for AC-AM, 32.9% for ITC-AM,
and 22.6% for controls) while cell numbers in GO/G1 decreased
(37.8% for AC-AM, 48.0% for ITC-AM, and 66.4% for controls) (Fig-
ure 4B). It is interesting to note that cell counts upon treatment for
12 or 18 h were similar for both compounds while after 32 h, AC-
AM caused a significantly stronger arrest than [TC-AM.

DNA fragmentation and induction of apoptosis
in SKOV-3 ovarian cancer cells after AC-AM
treatment

As a first step to analyze the specific cell death-inducing mecha-
nisms of AC-AM, we examined hallmark features of apoptosis in
SKOV-3 cells. A TUNEL assay, a common method for detecting DNA

Chem Biol Drug Des 2012; 79: 92-103

fragmentation resulting from apoptotic signaling cascades, was car-
ried out. SKOV-3 cells were treated for 24 h with AC-AM. Nuclei
were counterstained with propidium iodide. TUNEL-positive nuclei
were identified by yellow spots, resulting from an overlay of the
image with apoptotic staining (FL-dUTP, green) and nuclear staining
(Pi, red). As shown in Figure 5A, in contrast to untreated SKOV-3
cells, even at the low concentration of 10 um of the drug, a signifi-
cant number of cells displayed DNA fragmentation.

By immunablotting, we analyzed the activation or de-activation of a
variety of cellular markers such as caspases, PARP-1 or p38 MAPK,
which play a key role in the morphological and biochemical changes
associated with apoptosis. Adamantyl-N-acetylcystein treatment
(10 um) of SKQOV-3 cells resulted in the activation/cleavage of initia-
tor caspases-9, executioner caspase-3, and deactivation/cleavage of
DNA repair factor PARP-1 starting at 6 h after addition of the drug
and leveling off at 36 h of treatment (Figure 5B). Activation/
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Figure 4: Effect of adamantyl isothiocyanate (ITC-AM) or adamantyl-N-acetylcystein (AC-AM) on cell cycle progression in ovarian cancer
cells. Cells were treated with 10 v ITC-AM or AC-AM for 12, 18, or 32 h. Cell cycle analysis was carried out as described (Material and Meth-
ods). Data are presented as the relative fluorescence intensity of cell subpopulations in the two-dimensional FACS profile (panel A) and in % of
cells in a given sub-population (panel B). Standardized gating was used for all samples. Ten thousand events were analyzed for each sample.

phosphorylation of pro-apoptotic p38 MAPK increased from the high
basal level, which is common to ovarian cancer cells, within 18-36 h
of AC-AM treatment. The proof that reduction in SKOV-3 viability by
AC-AM is a direct consequence of the induction of apoptosis by
these proteins is presented in Figure 5C. We employed a pan-case,
caspase-3 or caspase-9 and a p38 MAPK inhibitor, which were
added individually (40 ) to the viability assay 2 h prior to and dur-
ing treatment with AC-AM (0—40 um). Cytotoxicity of 40 um AC-AM
was reduced by 76.9% following the addition of the pan-caspase
inhibitor, by 62.4% following the addition of the caspase-3 inhibitor,
by 51.7% following the addition of the caspase-9 inhibitor, and by
26.7% following the addition of the p38 MAPK inhibitor (Figure 5C).
Accordingly, the activity of these pro-apoptotic factors each partially
mediate AC-AM-induced apoptosis in ovarian cancer cells.

Generation of intracellular ROS by AC-AM in
ovarian and endometrial cancer cells and block
of cytotoxicity by antioxidant ascorbic acid

One potential strategy suggested to treat cancer is to generate an
excess amount of ROS in tumor tissue to induce necrosis and/or
apoptosis. We determined whether the treatment with AC-AM lead
to excess generation of ROS in gynecological cancer cell lines. Vari-
ous ROS species were detected via flow cytometry after carboxy-
H2DCFDA staining, which emits green fluorescence in the presence of
a cellular oxidant. As shown in Figure 6A, treatment with 10 um AC-
AM increased the ROS generation in both SKOV-3 ovarian cancer and
ECC-1 endometrial cancer cells (shift in relative fluorescence intensity
to right) as compared to untreated cells. This increase was achieved
within 6 h of treatment for ECC-1 and 16 h for SKOV-3. To confirm
that the generation of ROS by AC-AM is a predominant mechanism of
cytotoxic action, we performed viability assays with SKOV-3 and ECC-
1 cells, being treated (for 24 h) with antioxidant AA alone or in combi-
nation with 3 or 10 um AC-AM. To verify the cytotoxic drug effect in
endometrial cancer cell lines, we tested three other endometrial can-
cer cell lines (RL95-2, AN3CA, KLE) as cells from this tissue type,
unlike for ovarian cancer, are not included in the NCI60 growth
screen. As shown in Figure 6B, co-treatment with AA inhibited the
cytotoxic effect of AC-AM in all cell lines tested. Cell viability upon
treatment with AA alone (AA control) remained unchanged as
compared to untreated cells. The cytotoxicity of AC-AM at both con-
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centrations of the drug is higher for endometrial cancer cells as com-
pared to SKOV-3 cells. Accordingly, the viability of ECC-1, RL95-2,
AN3CA, and KLE, unlike for SKOV-3, was significantly restored by the
antioxidant (Figure 6B). In summary, the elevation of ROS generation
is a key mechanism of cytotoxic action by novel compound AC-AM.

AC-AM-induced cell signaling changes in
ovarian and endometrial cancer cells

We analyzed the role of ROS in cellular signaling by treating SKOV-3
or ECC-1 cells with antioxidant AA alone or in combination with
10 um AC-AM and subsequent Western blotting of cellular lysates.
Antibodies against selected pro-survival, pro-apoptotic, and onco-
genic signaling markers (XIAP, phosphorylated ERK1/2, JNK/SAPK,
and AKT) were used. In addition, we included analysis of the activa-
tion of the epidermal growth factor (EGF) receptor and the expres-
sion of HE4 which is a biomarker for ovarian and endometrial cancer
(33-35). ECC-1 and SKQOV-3 cells displayed a differential expression
or activation profile for these proteins after AC-AM treatment.
SKOV-3 upon drug treatment downregulated expression of XIAP and
phosphorylated AKT, upregulated activation of JNK/SAPK and EGF-
R, while the activation of ERK1/2 remained similar to the untreated
controls and HE4 could not be detected (Figure 6C). ECC-1, upon
drug treatment, did not display changed levels of XIAP, HE4, and
phosphorylated AKT or EGF-R but did demonstrate upregulated phos-
phorylation of JNK/SAPK and ERK1/2. Co-treatment with AC-AM
and antioxidant AA did not block the described expression/activation
changes observed after drug treatment. AA treatment alone did not
affect marker expression with the exception of a slight de-activation
of AKT in SKOV-3 and elevation of HE4 expression in ECC-1 cells
(Figure B6C). In summary, ROS generation induced by AC-AM in ovar-
jian SKOV-3 cancer cells and endometrial ECC-1 is a key mechanism
of cytotoxic action. JNK/SAPK, AKT, and EGF-R in SKOV-3 cells and
JNK/SAPK and ERK1/2 in ECC-1 cells were activated by AC-AM but
not directly linked to ROS-mediated cell death.

Discussion

A low, 5-year, overall survival rate for women with advanced stage
ovarian and endometrial cancer secondary to the development of

Chem Biol Drug Des 2012; 79: 92-103
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Figure 5: Induction of apoptosis in ovarian cancer cells after adamantyl-N-acetylcystein (AC-AM) treatment. (A) Analysis of DNA Fragmen-
tation in a TUNEL Assay. SKOV-3 cells were treated with 10 um AC-AM for 24 h. A TUNEL assay was carried out by co-staining with fluores-
cein-12-dUTP (labeling of DNA nicks in apoptotic cells) and of chromatin with propidium iodide (Material and Methods). During fluorescent
microscopy, representative images were taken, apoptotic stain (green) and nuclear stain (red) overlaid. TUNEL-positive nuclei owing to DNA
fragmentation appear as yellow areas. Bar = 10 um. (B) Western blot analysis of pro-apoptotic marker activation. SKOV-3 cells were treated
with 10 um AC-AM for 24 h. PAGE and Western blot analysis of cell lysates were carried out. Inactivated/cleaved PARP-1 and acti-
vated/cleaved caspase-3 and caspase-9, p38 mitogen-activated protein kinase (MAPK) and activated/phosphorylated p38 MAPK were
detected by immunoblotting as described in (Material and Methods). As an internal standard for equal loading (50 ug total cell protein/lane),
blots were probed with an anti-f-actin antibody. (C) Effect of caspase and p38 inactivation on cell viability. SKOV-3 cells were preincubated
with specific inhibitors (40 um) against, caspase-3, caspase-9 and p38MAPK for 2 h and treated with AC-AM (0, 10, 20, or 40 pum) in the con-
tinued presence of the inhibitors (40 pm) for an additional 24 h. The MTS viability assay was carried out as described (Material and Meth-
ods). Data are expressed as the mean of the triplicate determinations (X + SD) of a representative experiment in % of absorbance by
samples with untreated cells [=100%)].

multi-drug  resistance of tumors to standard  cytotoxic higher in vivo toxicity than their metabolites (8,9,36,37). The novel

chemotherapeutic agents requires the development of new treat-
ment options and anticancer drugs.? In the present study, we dem-
onstrate the potential of both a synthetic isothiocyanate (ITC-AM)
and its N-acetylcystein conjugate (AC-AM) to target ovarian and
endometrial cancer cells; AC-AM is the postulated main metabolite
in the human body. The resulting in vivo conversion between [TC-
AM and AC-AM would amplify the cytotoxic effect. Acute and
chronic toxicity studies in animal models will determine whether
AC-AM or ITC-AM is the preferred compound of administration.
For various ITC and their N-acetylcysteine conjugates, in vivo antit-
umorigenic activity was shown even though ITC can display a

Chem Biol Drug Des 2012; 79: 92-103

compounds designed for the present study carried an adamantyl
moiety. Potential toxicities of compounds with an adamantyl group
in general do not appear to be based on this moiety. Studies of
potential anticancer drugs containing an adamantyl moiety are
limited and were primarily based on retinoid compounds tested
in vitro (28-30).

The present manuscript revealed that both ITC-AM and AC-AM
diminished the viahility of various cancer cell lines at drug concen-
trations =10 um. In contrast, the viability of immortalized TCL-1
trophoblasts that possess a high metabolism and growth rate
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Figure 6: Adamantyl-N-acetylcystein (AC-AM)-induced reactive oxygen species (ROS) generation, cytotoxicity, and cell signaling in ovarian
and endometrial cancer cells. (A) Generation of intracellular ROS. Reactive oxygen species generation in SKOV-3 (ovarian) or ECC-1 (endome-
trial) cancer cells was measured by flow cytometry (see Material and Methods). Cells were left untreated or treated with 10 um AC-AM (6 h
for ECC-1, 16 h for SKOV-3) and ROS generation compared. Data are presented as relative fluorescence intensity in a two-dimensional FACS
profile. Standardized gating was used for all samples. (B) Ascorbic acid counteracts the cytotoxic effect of AC-AM. SKOV-3 (ovarian), ECC-1,
RL95-2, AN3CA, KLE endometrial cancer cell lines were treated with AC-AM (3 or 10 um) alone or in combination with ascorbic acid (AA,
500 um) for 24 h. The MTS viability assay was carried out as described (Material and Methods). Experiments were performed in triplicates;
data of a representative experiment are expressed as the mean of triplicate determinations (X + SD) in % cell viability of samples with
untreated cells [=100%). (C) Expression of apoptotic and pro-survival markers after AC-AM treatment with or without ROS inhibition. SKOV-3
or ECC-1 cells were treated with 10 um AC-AM in the absence or presence of ascorbic acid (AA, 500 um) for 6 or 24 h. Analysis of the
expression of proteins in cell lysates was carried out by PAGE and Western blot analysis with primary antibodies against phosphorylated pro-
apoptotic JNK/SAPK, against pro-survival markers XIAP, phosphorylated Erk1/2 and AKT, against tumor marker HE4 and the phosphorylated

epidermal growth factor (EGF) receptor. As an internal standard for equal loading, the blots were probed with an anti-f-actin antibody.

similar to most cancer cells and served as controls was not signifi-
cantly affected even at drug concentrations of 40 um. Broader
effects of AC-AM on chemoresistant cancer cell lines of different
tissue-types were determined by a NCI60 growth screen, which
revealed that the growth-inhibitory and cytotoxic drug effects were
cell line-specific but not tissue type-specific with the exception of
leukemia cells. To test the selective cytotoxic potential of AC-AM in
ovarian cancer cells, we chose the SKOV-3 cell line that is multi-
drug-resistant (including cisplatin and adriamycin; see ATCC, Manas-
sas, VA, USA; http://www.atcc.org) alongside ovarian cancer cell
lines IGROV1, OVCAR-3, OVCAR-4, OVCAR-5, and OVCAR-8 present
in the NCIBO screen. To examine the response of endometrial can-
cer cells to AC-AM, we chose four cell lines (ECC-1, RL95-2,
AN3CA, KLE; http://www.atcc.org) cells from this tissue type that
are not included in the NCI60 growth screen. Both ECC-1 and RL95-
2 cell lines are well differentiated, steroid responsive, and tumori-
genic. In contrast, AN3CA and KLE are poorly differentiated, steroid
receptor defective, and tumorigenic. Adamantyl-N-acetylcystein was
cytotoxic to each of these ovarian and endometrial cancer cell lines
at a concentration of 10 um and is a candidate drug to treat plati-
num-resistant ovarian tumors and endometrial tumors with various
differentiation and or hormone receptor status.

The NCI60 study revealed that AC-AM inhibited the growth of multi-
ple gynecological cancer cells at sub-cytotoxic concentrations with a
GI50 between 52 nm and 1.5 um for breast cancer cell lines and a
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GI50 between 133 nm and 1.4 um for ovarian cancer cell lines. We
choose platinum-resistant SKOV-3 ovarian cancer cells to explore the
effects of AC-AM on cell cycle progression. Comparison of the
effects of AC-AM with those of ITC-AM determined that both ada-
mantyl derivatives affected the same phases of the cell cycle caus-
ing a dose-dependent arrest in G2/M phase and after an extended
treatment (32 h) an additional arrest in S phase. In cancer cells, reg-
ulators of the cell cycle machinery are frequently altered, and trans-
formed cells can be more sensitive to cyclin-dependent kinase
inhibition (38—40). In future studies, we will analyze the role of AC-
AM on specific cell cycle regulators including replication start and
replication progression signals of S phase (41,42) in synchronized
ovarian cancer, endometrial cancer, and non-transformed cell cul-
tures. Targeting such checkpoints has been suggested as an alterna-
tive or supplemental approach to anticancer therapies (43,44).

Adamantyl-N-acetylcystein-induced cell death is mediated by a vari-
ety of pro-apoptotic factors including caspases, Mitogen-activated
protein kinases, and in SKOV-3 cells can be partially prevented by
the use of inhibitors against these proteins. P38 MAPK appears to
play a significant role in the regulation of ovarian cancer by differen-
tial and competing effects. Previously, inactivation of p38 function
(DN-p38 mutation in SKOV-3 and CaOV-3 by transient transfection)
was shown to inhibit EGF-dependent ovarian cancer cell invasiveness
(45), and p38 upregulation has been correlated with increased tumor-
igenesis in an ovarian cancer xenograft (46). In contrast, p38

Chem Biol Drug Des 2012; 79: 92-103



activation is generally a pro-apoptotic trigger in ovarian cancer cells
and is a key determinant for drug (platinum compound CDDP)-
induced apoptosis (47). The use of p38 inhibitors in vitro can remark-
ably suppress the cytotoxicity of a variety of ITC-based drugs (21-23)
as shown here for of AC-AM. Accordingly, we suggest future studies
on the biochemical effect of AC-AM in ovarian cancer cells to
include analysis of p38 signaling and related pathways such as EGF
signaling (48). This cytokine constitutes a principal growth-promoting
signal not only in ovarian cancer but also in endometrial cancer
(48,49). However, contrary to the effect in ovarian cancer SKOV-3
cells, we did not observe a significant upregulation of the phosphory-
lation of the EGF-R in endometrial cancer cells.

As shown in the present report, cell death of ovarian cancer and
endometrial cancer cells in vitro in response to treatment with AC-
AM is linked to excess generation of ROS. Reactive oxygen species
have been implicated in cancer initiation and progression. Cancer
cells, presumably through mitochondria dysfunction and increased
metabolism, generate a relatively high level of ROS (50,51). Upregu-
lation of cellular ROS, such as shown here after treatment with
AC-AM, has been suggested as a strategy to selectively target can-
cer cells over normal cells (52,53). Potentially, AC-AM may exert
synergistic effects when combined with other agents thought to
modulate the antioxidant functions of cancer cells, for example 2-
methoxyestradiol (SOD inhibitor), tetrathiomolybdate, or ATN-224
(copper-depletion agents to target Cu/Zn SOD) and drugs leading to
glutathione depletion such as buthionine-sulfoximine. Interestingly,
ovarian SKOV-3 and endometrial ECC-1 cancer cells upon AC-AM
displayed a differential expression or activation profile of pro-sur-
vival, pro-apoptotic, and oncogenic signaling markers. In ovarian
cancer cells, a modulated activity of JNK/SAPK, AKT, and EGF-R
was noted, whereas in endometrial cancer cells, JNK/SAPK and
ERK1/2, but not AKT or EGF-R activity, was changed upon drug
treatment. These changes were still observed after treatment with
an antioxidant which, however, could partially block AC-AM-induced
and ROS-mediated cell death. This observation is different than the
findings by our laboratory to other drugs (e.g., organometallic com-
pound iron(lll)-salophene; ITC derivative ABITC) where ROS genera-
tion was the primary mechanism of cytotoxic action in
neuroblastoma and endometrial cancer cells and strong activation
of p38 and JNK could completely be abolished by cellular co-treat-
ment with exogenous antioxidants (54,55). Similarly, recent studies
suggested that the drug-induced activation of MAPK including
JNK/SAPK and cancer cell apoptosis can be directly ROS depen-
dent (56,57). Depending on the parameters (such as cell or drug
type, drug concentration, or kinetics of treatment), pro-apoptotic sig-
naling may be a direct consequence of increased ROS generation or
depend on additional drug-induced mechanisms. In the case of AC-
AM when applied at concentrations below the ICsy (e.g., 10 um),
elevated ROS generation reduced cell viability but did not directly
correlate with the observed induced pro-apoptotic or diminished
pro-survival signaling.

Conclusion

Findings in the present manuscript suggest that AC-AM can be
developed for the treatment of various gynecological cancers and

Chem Biol Drug Des 2012; 79: 92-103
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encourage future studies to determine the chemotherapeutic effect
of this compound in animal tumor models. /n vivo conversion
between N-acetylcystein derivative AC-AM and isothiocyanate ITC-
AM is suggested to amplify the cytotoxic effect of this newly
designed compound. We propose to refine the ROS-mediated effi-
cacy of AC-AM through structure modifications or by sensitizing tar-
get cells to the drug using inhibitors of pro-survival or growth
factor (e.g., EGF)-signaling or redox-modulating agents.
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