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Abstract

Although epithelial ovarian cancers (EOCs) are initially treated with platinum-based
chemotherapy, EOCs vary in platinum responsiveness. Cataloging antineoplastic agents according
to their effectiveness against platinum-resistant and platinum-sensitive EOC cell lines is valuable
for development of therapeutic strategies to avoid platinum inefficacy and to exploit platinum
sensitivity. TOV-21G devoid of FANCF expression, OV-90 and SKOV-3 were employed as
examples of platinum-sensitive, platinum-intermediate and platinum-resistant cell lines,
respectively. Antineoplastic agents examined included mitomycin C, doxorubicin, etoposide,
gemcitabine, chlorambucil, paclitaxel, triapine and X-rays. Their effectiveness against cell lines
was analyzed by clonogenic assays. Cytotoxic profiles of mitomycin C and carboplatin were
similar, with mitomycin C exhibiting greater potency and selectivity against TOV-21G than
carboplatin. Cytotoxic profiles of doxorubicin, etoposide and X-rays overlapped with that of
carboplatin, while OV-90 overexpressing Rad51 was more resistant to chlorambucil than SKOV-3.
The efficacy of paclitaxel and triapine was independent of platinum sensitivity or resistance.
Consistent with these cytotoxic profiles, cisplatin/mitomycin C, triapine, and paclitaxel differed in
the capacity to induce phosphorylation of H2AX, and produced unique inhibitory patterns of
DNA/RNA syntheses in HL-60 human leukemia cells. Paclitaxel and triapine in combination
produced additive antitumor effects in M109 murine lung carcinoma. In conclusion, mitomycin C
is potentially more effective against Fanconi anemia pathway-deficient EOCs than carboplatin.
Doxorubicin and etoposide, because of their overlapping cytotoxic properties with carboplatin, are
unlikely to be efficacious against platinum-refractory EOCs. Paclitaxel and triapine are effective
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regardless of platinum sensitivity status, and promising in combination for both platinum-sensitive
and platinum-refractory EOCs.
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Introduction

Although epithelial ovarian cancer (EOC) occurs with a low incidence, it is labeled “the
silent Killer” due to the lack of symptoms until the disease has progressed to an advanced
stage. The standard initial management of EOC consists of maximum debulking surgery
followed by platinum-based chemotherapy. The majority of patients have a complete
response to the first-line therapy. However, patients with advanced disease invariably suffer
either platinum-sensitive or platinum-refractory recurrence, defined by recurrence after more
than, or within, 6 months following cessation of the induction therapy, respectively [1].
These clinical manifestations are consistent with heterogeneity of primary EOCs in their
response to platinum.

Cisplatin has been virtually replaced by the equally efficacious, considerably less
nephrotoxic analog carboplatin [2]. These agents exert cytotoxicity via platination of DNA
to produce intrastrand (> 90% of total adducts) and interstrand (a small percentage of total
adducts) cross-links [3]. While acquired resistance to cisplatin may involve multifactorial
processes [4], several observations indicate that DNA repair capacity in individual tumors
plays a critical role in determining the inherent sensitivity to platinum compounds. For
example, fibroblasts derived from patients with Fanconi anemia (FA) and xeroderma
pigmentosum (XP) are equally hypersensitive to cisplatin [5]. Multiple DNA repair factors
define cellular responsiveness to cisplatin [6,7].

Hereditary EOCs with germline BRCA1/2 mutations have been characterized by platinum
sensitivity and improved overall survival [8]. BRCAL (FANCS) and BRCA2 (FANCD1)
belong to a group of at least 16 genes, in which biallelic mutations predispose individuals to
FA [9]. Moreover, deleterious germline and/or somatic mutations in FA genes such as BRIP1
(FANCJ), PALB2 (FANCN) and RAD51C (FANCO) have been identified in serous as well
as non-serous EOCs [10]. The FA pathway is essential for the repair of DNA interstrand
cross-links (ICLs). The FA gene products form a multi-subunit monoubiquitin ligase and
coordinate DNA repair processes including nucleolytic incision by XPF-ERCCL1 and
Mus81-Emel, translesion synthesis and homologous recombination [11]. According to the
report by The Cancer Genome Atlas (TCGA) Research Network, homologous
recombination is defective in about half of high-grade serous EOCs [12].

XP characterized by extreme sensitivity to UV irradiation results from a deficiency in
nucleotide excision repair (NER) [13]. Eukaryotic NER is divided into global genome NER
(GG-NER) and transcription-coupled NER (TC-NER) [14]. Hypersensitivity to cisplatin is
confined to TC-NER-defective cells [15]. Moreover, 8% of high-grade serous EOCs from
the TCGA dataset have been reported to exhibit NER alterations [16].

J Transl Sci. Author manuscript; available in PMC 2016 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ishiguro et al.

Page 3

In hereditary EOCs caused by heterozygous germline mutations of BRCA1 or BRIP, the
wild-type allele is lost and the mutated allele is retained in tumor tissue, while normal tissue
remains heterozygous for the mutation [17,18]. Thus, those tumors are considered to be
DNA repair-deficient, while normal tissue in individuals is DNA repair-proficient. In cell
line models for a familial BRCA2 mutation, DLD1-BRCA22ex11/Aex1l (BRCA2 null) is
profoundly hypersensitive to carboplatin, while DLD1-BRCA22eX1VWT (BRCA2
haplodeficient) is as resistant as DLD1 (BRCA2 diploid) [19]. The differential DNA repair
capacity in tumor and normal tissue provides a wide therapeutic window for ICL-causing
agents to exert tumor selectivity.

Patients with EOCs have experienced little improvement in post-diagnosis 1-, 3-, and 5-year
survival rates for the past 20 years [20]. Although germline BRCA1/2 mutations are
associated with better short-term survival, this advantage fades away over time, ultimately
being reversed in BRCA1 carriers [21]. Since standard treatment has not advanced beyond
platinum-based combination chemotherapy, improvement in therapeutic strategies for both
platinum-sensitive and platinum-refractory EOCs is needed. To this end, we have cataloged
clinically active antineoplastic agents according to their effectiveness against platinum-
sensitive, platinum-intermediate and platinum-resistant EOC cell lines. In this report, we
have identified mitomycin C as an agent more potent and selective than carboplatin against
an EOC cell line deficient in Fanconi anemia pathway, and paclitaxel and triapine as agents
effective regardless of platinum sensitivity status. We believe that these pieces of
information are valuable to exploit platinum sensitivity as well as to avoid platinum
inefficacy.

Materials and methods

EOC cell lines and reagents

SKOV-3, OV-90 [22] and TOV-21G [22] were purchased from the American Type Culture
Collection (ATCC, Manassas, VA) in Jan. 2012, May 2014, and Sept. 2014, respectively.
Mutations and epigenetic abnormalities present in these cell lines have been reported [23—
26]. HL-60 human myeloid leukemia cells obtained from Dr. Robert C. Gallo in 1980 were
authenticated by ATCC in Feb. 2014. All cell lines were maintained in DMEM/F12 medium
supplemented with 10% FBS, 50 units/ml of penicillin, and 50 ug/ml of streptomycin.

Carboplatin (Tocris Bioscience, Bristol, UK), stable in concentrated aqueous solution due to
self-association [27], was dissolved in water at 25 mM and stored at room temperature in the
dark. Cisplatin (Sigma-Aldrich, St. Louis, MO), which undergoes relatively slow solvolysis
in DMSO [28], was dissolved in 0.9% NaCl at 4 mM, immediately aliquoted and stored at
—70°C. Thawed aliquots were used only once. Stock solutions of doxorubicin hydrochloride
(Sigma-Aldrich) and gemcitabine hydrochloride (Sigma-Aldrich) were made in water at 10
mM and stored at —20°C. Triapine (FW: 195), largely insoluble in aqueous media [29], was
formulated as an isethionate salt (triapine ITS, FW: 321) in this laboratory to eliminate the
use of an organic solvent in animal studies. Stock solutions of mitomycin C (a gift from
Kyowa Hakko, Japan), etoposide (Sigma-Aldrich), chlorambucil (Sigma-Aldrich), 1,2-
bis(methylsulfonyl)-(2-chloroethyl)hydrazine (90CE) [30] and paclitaxel (Alfa Aesar, Ward
Hill, MA) were made in anhydrous DMSO at 2.5 to 50 mM and stored at —20°C. The stock
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solutions were further diluted with DMSO and added to cell cultures with the final DMSO
concentrations being less than 0.05%. X-rays were delivered using X-RAD 320 (Precision
X-Ray, North Branford, CT).

Clonogenic survival assays and growth inhibition assays

The predetermined number of cells, which had yielded 20 to 150 colonies/well in 6-well
plates with various treatments, were allowed to adhere overnight, exposed to cytotoxic
agents, and incubated for 13 days for colony propagation. For the guanine Cf-
chloroethylating agent 90CE [30], GB-benzylguanine, an inhibitor of (P-methylguanine-
DNA methyltransferase (MGMT) that repairs the DNA alkyl lesions produced by 90CE, was
employed to generate MGMT-abrogated conditions [30]. Colonies were stained and
processed as previously described [31]. Colony forming efficiencies of untreated SKOV-3,
OV-90 and TOV-21G cells were approximately 0.3, 0.15 and 0.25, respectively. Growth
inhibition assays based on cell count, using HL-60 cells treated with various agents for 3
days, were performed as previously described [31].

Preparation of whole cell lysates and western analysis

EOC cells seeded at 1.5 x 106 cells/75 cm2-flask were allowed to adhere overnight and
treated with carboplatin or triapine for 24 h. Trypsinized cells were washed once with
phosphate buffered saline (PBS) and solubilized in 200 ul of Laemmli’s sample buffer at
100°C for 5 min. The lysates were further passed through a QlAshredder (QIAGEN,
Valencia, CA) to shear DNA. The extracts were resolved by 6% or 15% polyacrylamide gel
electrophoresis (PAGE). Chemiluminescent images were captured using G:Box iChemi XR
(Syngene, Frederick, MD). Antibodies to the following proteins were purchased: p53
(sc-6243, Santa Cruz Biotechnology, Santa Cruz, CA); BRCA2 (MAB2476, R&D Systems,
Minneapolis, MN); Rad51 (MS-988, clone 3C10, Thermo Scientific, Fremont, CA); RPA70
(MS-692, Thermo Scientific), PCNA (MS-106, clone PC10, Thermo Scientific); yH2AX
(sc-101696, Santa Cruz); deoxycytidine kinase (MABC188, clone 9D4, EMD Millipore,
Temecula, CA); OP-methylguanine-DNA methyltransferase (MAB16200, clone MT 3.1,
EMD Millipore).

Measurements of DNA/RNA syntheses and yH2AX formation in HL-60 human leukemia

cells

DNA and RNA syntheses were measured by incorporation of [methyl-3H]thymidine and
[5-3H]uridine into acid-insoluble fractions as previously described [31]. For yH2AX
analysis, histones were extracted from 3 x 10% intact cells with 0.2 M H,SO,4 and subjected
to western analysis [31].

Treatment of Madison 109 murine lung carcinoma in vivo

Animal experiments were reviewed and approved by the Institutional Animal Care and Use
Committee. M109 cells were implanted by subcutaneous inoculation of 1 x 10° cells in 0.1
ml of PBS into the flank of female CD2F1 mice (Charles River Laboratories, Wilmington,
MA). Treatment was initiated at Day 1 post implantation. Tumor volume was estimated from
caliper measurements of the length and width using the formula: V = (I x w?)/2.
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Statistical and mathematical analyses

Results

Clonogenic and growth inhibition assays were repeated at least three times. Standard
deviations for LCgg and ICg were typically less than 20% of the mean. LCqyq values were
interpolated from 2 data points intersecting 0.1 cell survival, assuming the portion between
the two points was linear. 1Csq values were derived from logistic 3-parameter regression
analyses using KaleidaGraph software (Synergy Software, Reading, PA).

Diversity in platinum sensitivity among EOC cell lines

Ihnen et al. [26] have reported that a panel of 39 EOC cell lines is diverse in carboplatin
sensitivity in their study of factors affecting the sensitivity to the PARP inhibitor rucaparib.
The ICsp (concentration giving 50% inhibition) differential between the most sensitive cell
line TOV-21G (0.26 pM) and the nine most resistant cell lines (> 10 uM) is over 38-fold
with the rest of the cell lines exhibiting graded sensitivity to carboplatin (Figure 1A).
Taniguchi et al. [25] have uncovered evidence that the hypersensitivity of TOV-21G cells to
cisplatin is due to a disruption of the Fanconi anemia (FA) pathway resulting from an
epigenetic silencing of the FANCF gene via CpG island methylation. We chose TOV-21G
(ICsp, 0.26 uM), OV-90 (ICsgp, 1.3 uM) and SKOV-3 (ICsg, >10 uM) as examples of
platinum-sensitive, platinum-intermediate and platinum-resistant ovarian carcinoma cell
lines, respectively. Cell/colony morphology and known characteristics of these cell lines are
summarized in Figure 1B.

Effectiveness of various antineoplastic agents against SKOV-3, OV-90 and TOV-21G cells

The three EOC cell lines differing in platinum sensitivity were employed to examine cross-
resistance between carboplatin and other clinically active anticancer agents. Figure 2A
shows concentration-dependent survival curves for each agent. Values of LCgqg
(concentration giving 90% lethality) together with values of fold resistance (degree of
resistance in OV-90 and SKOV-3 relative to TOV-21G) in parentheses are summarized in
Figure 2B.

Although carboplatin reacts with DNA much more slowly than cisplatin, the two analogs
have been shown to generate nearly identical arrays of DNA adducts [32] and to produce
similar resistance profiles [33]. Consistent with those findings, the present study confirms
that carboplatin and cisplatin produce highly comparable resistance profiles (Figure 2A).
Among antineoplastic agents examined, the sensitivity profile produced by mitomycin C
was most akin to that produced by carboplatin (Figure 2A). Moreover, mitomycin C
exhibited greater degrees of potency (reflected in LCqq in nM versus uM for carboplatin,
Figure 2B) as well as selectivity (reflected in larger values of fold resistance, Figure 2B).

Relative to carboplatin/mitomycin C, antineoplastic agents produced sensitivity profiles
collectively in overlapping, partially reversed, and non-overlapping manners (Figure 2A).
Thus, doxorubicin, etoposide, X-rays and gemcitabine produced overlapping profiles with a
shared rank order of TOV-21G < OV-90 < SKOV-3. The nitrogen mustard chlorambucil and
the guanine CP-chloroethylating agent 90CE [30] produced partially reversed profiles in that
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the platinum-intermediate OV-90 was more resistant to these agents than the platinum-
resistant SKOV-3. Paclitaxel produced a unique rank order of OV-90 < SKOV-3 < TOV-21G.
Triapine produced a rank order of TOV-21G < OV-90 = SKOV-3 with the degree of
resistance in SKOV-3 relative to TOV-21G being less than two-fold (Figure 2B). Therefore,
relative to carboplatin/mitomycin C, both paclitaxel and triapine produced sensitivity
profiles essentially in a non-overlapping manner.

Untreated and drug-treated levels of several DNA repair/replication proteins

SKOV-3, OV-90 and TOV-21G cells were untreated or treated with 10 uM carboplatin or 1
UM triapine for 24 h. Then, whole cell extracts were prepared and subjected to western
analysis (Figure 3). Stabilization of BRCA2 and RPA70 (less noticeable) occurred following
triapine treatment. The notable difference among the three cell lines was overexpression of
Rad51 recombinase in OV-90 cells (Figure 3). After triapine treatment, phosphorylation of
H2AX (yH2AX) occurred prominently in TOV-21G. The PCNA level was almost constant
regardless of cell line and treatment, and served as a loading control.

In regard to p53 status, TOV-21G exhibited the wild-type characteristics, i.e., an
undetectable level in untreated cells and accumulation in triapine-treated cells. The reported
S215R mutation in OV-90 cells [24] together with prominent accumulation following
triapine treatment (Figure 3) suggests that OV-90 cells contain both wild-type and mutated
TP53 genes. The absence of p53 in SKOV-3 cells under both untreated and triapine-treated
conditions suggests that this cell line lacks functional TP53 genes.

SKOV-3 was 6- to 8-fold more resistant to gemcitabine than OV-90 and TOV-21G cells
(Figure 2B). The greater level of deoxycytidine kinase (DCK, responsible for the initial
phosphorylation of gemcitabine) in SKOV-3 (Figure 3) precludes a lack of the activation
step as a mechanism of resistance.

Inhibition of DNA/RNA syntheses and phosphorylation of H2AX by carboplatin/mitomycin
C, triapine and paclitaxel

Cytotoxic activity of the DNA interstrand cross-linking agents cisplatin and mitomycin C is
attributed to interference with DNA replication and/or transcription [4], while cytotoxic
activities of triapine and paclitaxel were independent of platinum sensitivity/resistance
(Figure 2A and 2B). To gain mechanistic insight into these unique cytotoxic properties, the
capacity of these agents to inhibit DNA and RNA syntheses after short-term (2 h) and long-
term (18 h) treatment was measured using HL-60 human leukemia cells. For each agent, the
lowest concentration chosen for treatment was near its respective 1Cgq value, predetermined
by growth inhibition assays (Figure 4A).

Cisplatin and mitomycin C produced nearly identical inhibitory patterns, preferentially
inhibiting DNA synthesis only after 18 h treatment (Figure 4A). In contrast, triapine caused
immediate complete cessation of DNA synthesis as shown in the short-term (2 h) treatment
(Figure 4A). Effects of paclitaxel on nucleic acid syntheses yet differed from those of
triapine and cisplatin/mitomycin C. Thus, uninterrupted nucleic acid syntheses after 2 h
treatment with paclitaxel were followed by complete shutdown of both DNA and RNA
syntheses after 18 h treatment (Figure 4A).
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DNA double-stand breaks induce rapid phosphorylation of histone H2AX (yH2AX) in a
chromatin microenvironment [34]. The capacity of cisplatin/mitomycin C, triapine and
paclitaxel to induce yH2AX formation was examined in HL-60 cells treated with these
agents for 18 h (Figure 4B). Triapine caused pronounced yH2AX formation at a
concentration (0.2 uM) 3.5 fold lower than its ICsq value. In contrast, significant H2AX
phosphorylation was induced by cisplatin/mitomycin C at concentrations 40 to 60 fold
higher than their ICgq values. Paclitaxel, which does not directly target DNA, also caused
significant yH2AX accumulation. These results collectively indicate that phosphorylation of
H2AX is inadequate to be a cytotoxic biomarker.

Antineoplastic agents cataloged by their effectiveness against platinum-sensitive and
platinum-resistant cell lines and underlying mechanisms of action

Based on the survival curves, and LCgqq values presented in Figure 2A and 2B, anticancer
agents were cataloged according to their effectiveness against platinum-sensitive TOV-21G,
platinum-intermediate OV-90 and platinum-resistant SKOV-3 (Figure 5A). Mitomycin C
stands out for its effectiveness against FANCF-deficient TOV-21G with greater potency and
selectivity than carboplatin, while paclitaxel and triapine are prominent for their
effectiveness against both platinum-sensitive and platinum-resistant EOC cells. Figure 5B
summarizes the primary sites of action and cytotoxic mechanisms of carboplatin/mitomycin
C, triapine and paclitaxel that form the basis of their unique cytotoxic properties. This issue
is addressed further in the discussion section.

Antitumor activity of paclitaxel alone or in combination with triapine in Madison 109
murine lung carcinoma

Effectiveness of triapine alone or in combination with cisplatin, doxorubicin or etoposide
has previously been demonstrated in the EOC cell line A2780 xenograft tumor model [35].
In this study, antitumor activity of triapine alone or in combination with paclitaxel was
examined in M109 lung carcinoma, a murine syngeneic tumor model weakly responsive to
cisplatin [36]. Figure 6 shows that triapine ITS (water soluble isethionate salt form of
triapine) is as effective as paclitaxel in producing tumor growth delay. Furthermore, a
combination of paclitaxel with triapine resulted in extensive tumor growth delay in an
additive manner.

Discussion

Although platinum-containing regimens have been the mainstay of initial treatment for
EOCs, cancer recurrence is either platinum-refractory or platinum-sensitive. Thus, it is
essential (a) to comprehend the mechanisms underlying inherent platinum resistance and
sensitivity, (b) to develop means to distinguish between platinum-refractory and platinum-
sensitive EOCs prior to chemotherapy, and (c) to apply appropriate treatment to platinum-
refractory and platinum-sensitive EOCs to avoid platinum inefficacy and to exploit platinum
sensitivity, respectively. A PubMed search for resistance to cisplatin, sensitivity to cisplatin,
and mechanism of action of cisplatin returns ~8,400, ~5,500, and ~46,000 articles,
respectively. Despite this vast body of research, there remains much to be clarified about the
nature of DNA adducts (DNA intrastrand or interstrand cross-links, or both) crucial for their
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cytotoxicity, the types of DNA damage repair systems involved in removal of critical DNA
adducts, and the chain of events in which inhibition of DNA/RNA syntheses results in
ultimate cell death.

The striking diversity of carboplatin sensitivity in a panel of 39 EOC cell lines derived from
serous and non-serous EOCs (Figure 1A) reported by Ihnen et al. [26] is in contrast with the
modestly variable platinum sensitivity in the NCI-60, a panel of 60 cell lines derived from
diverse human cancers including six ovarian carcinomas (NCI DPT Data). Among the 39
EOC cell lines (Figure 1A), 18 cell lines (46%) are markedly sensitive to carboplatin (ICsq
values less than 2 uM). The existence of a large fraction of platinum-hypersensitive EOC
cell lines is compatible with a high mutation rate in DNA repair pathways involving HR, FA
and NER found in human primary EOCs [10,12,16]. Thus, it is of great interest to determine
the molecular mechanisms underlying platinum-hypersensitivity of these EOC cell lines, and
their susceptibility to a spectrum of antineoplastic agents.

In this study, we used SKOV-3, OV-90 and TOV-21G as examples of platinum-resistant,
platinum-intermediate and platinum-sensitive EOC cell lines, respectively. Based on the
genomic profiles of primary high-grade serous ovarian carcinoma (HGSOC) and permanent
EOC cell lines, OV-90 and SKOV-3 are possibly and unlikely, respectively, derived from
HGSOC [24]. TOV-21G, established from a clear cell carcinoma [22], is known to be
deficient in FANCF expression due to gene silencing, and hypersensitive to cisplatin [25].

Cellular hypersensitivity to DNA interstrand cross-linking agents is one of the defining
characteristics of FA [11]. FANCF-deficient TOV-21G consistently exhibited profound
hypersensitivity to mitomycin C (LCgg, 1.2 nM), chlorambucil (LCgg, 0.49 uM) and
carboplatin (LCgq, 0.61 uM). TOV-21G was 45-, 31-, and 18-fold more sensitive to
mitomycin C, chlorambucil and carboplatin, respectively, than platinum-resistant SKOV-3.
The greater potency (LCgq at nM) and selectivity (fold sensitivity) exhibited by mitomycin C
suggest potential utility of this agent for FA pathway-deficient EOCs.

It is noteworthy that the platinum-intermediate OV-90 was more resistant to chlorambucil
and 90CE than the platinum-resistant SKOV-3 (partial reverse, Figure 2A). Although
cisplatin, mitomycin C, chlorambucil and 90CE all cause DNA interstrand cross-links
(ICLs), chemical structures of ICL adducts produced by individual agents are quite distinct
[3,30,37-39]. Yet, repair mechanisms for the ICLs produced by cisplatin/mitomycin C on
one hand, and chlorambucil/90CE on the other, appear to be distinguished. Western analyses
of several key DNA damage repair proteins (Figure 3) clearly indicated that OV-90 cells
overexpress Rad51. Since Rad51 shares amino acid sequence similarity and domain
structures with Rad51 paralogs (Rad51B, Rad51C, Rad51D, XRCC2, XRCC3 and meiosis-
specific DMC1) [40], involvement of Rad51 paralogs in the repair of various types of ICLs
needs to be clarified in the future.

It is also noteworthy that gemcitabine was equally cytotoxic to the platinum-sensitive
TOV-21G and platinum-intermediate OV-90. Thus, unlike doxorubicin, etoposide and X-
rays whose cytotoxic profiles overlapped with that of carboplatin (Figure 2A), the cytotoxic
property of gemcitabine appeared to be unique. In support of this notion, Jones et al. [41]
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have demonstrated that the presence of functional BRCA2 and Rad51 promotes (rather than
decreases) the cytotoxic activity of gemcitabine. These observations altogether suggest an
effectiveness of gemcitabine for an undefined subpopulation of EOCs.

One of the important findings in this report is the efficacy of paclitaxel and triapine against
EOC cell lines regardless of platinum sensitivity status, suggesting usefulness of these
agents in the treatment of both platinum-sensitive and platinum-refractory EOCs. An inverse
relationship between platinum and taxene with regard to their clinical efficacy against EOCs
and their cytotoxic activity against EOC cell lines has long been recognized and extensively
reviewed [42]. In light of the obvious disparity in the mode of action of these two agents
(Figure 5B), it is conceivable that the cytotoxic activity of paclitaxel is independent of
platinum resistance or sensitivity. On the other hand, triapine and carboplatin are agents both
known to cause DNA replication stress. As inhibitors of ribonucleotide reductase, triapine is
200 to 300 fold more potent than hydroxyurea [31], an agent historically employed to
generate DNA replication stress in cultured cells [43]. The sequential events in which
imbalance of ANTP pools caused by ribonucleotide reductase inhibition is ultimately
conveyed to DNA double strand breaks are shown in Figure 5B. Carboplatin and mitomycin
C differ from triapine in that these agents, via direct modifications of DNA structure, elicit
DNA damage response pathways that protect cells from deleterious genotoxicity (Figure
5B). Thus, a defect in DNA damage response pathways results in cellular hypersensitivity to
these agents, whereas extensive DNA double-stand breaks by triapine are an ultimate
consequence secondary to prolonged DNA replication stress (Figure 5B).

Triapine, currently being evaluated as an antitumor agent in NIH-funded phase I/11 clinical
trials, was designed and synthesized in the late Dr. Sartorelli’s laboratory [29]. Triapine was
chosen for clinical development because of its broad-spectrum antitumor activity alone or in
combination with cisplatin, doxorubicin, or etoposide in preclinical models [35]. Studies
using cultured cells reveal that triapine at concentrations of 0.4 to 0.8 uM produces
immediate cessation of DNA replication due to unbalanced dNTP pools caused by inhibition
of ribonucleotide reductase [31]. Despite instantaneous effect on DNA synthesis, effective
cell-kill by triapine in cultured cells requires prolonged (16 h) drug-exposure, presumably
because inhibition of DNA synthesis is reversible upon triapine removal, and DNA double-
strand breaks occur after prolonged DNA replication stress [31]. After a single injection of
triapine into L1210 tumor-bearing mice, DNA synthesis recovers faster in normal tissue
such as the bone marrow and duodenum, than in tumor cells [35]. Consistent with these
observations, antitumor activity of triapine is schedule-dependent in preclinical models.
Thus, a twice-a-day regimen (6 mg/kg twice a day, 8 h apart, for 5 days for a total dose of 60
mg/kg) is vastly superior to an almost ineffective once-a-day regimen (24 mg/kg once a day
for 5 days for a total dose of 120 mg/kg) that delivers double the total dose [35].

The majority of clinical trials for triapine have employed a single 2-hour i.v. infusion of
triapine per day at doses up to 120 mg/m2, the regimens determined from phase | trials as
tolerable doses, which may not be therapeutically optimum [31]. Split-dose regimens that
keep plasma concentrations of triapine low and sustain DNA replication stress for a
prolonged period of time, should be explored in clinical trials. Furthermore, low but
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sustained concentrations of triapine are unlikely to cause host toxicity such as
methemoglobinemia and hypoxia.

In this study, we cataloged antineoplastic agents according to the effectiveness against
platinum-sensitive TOV-21G, platinum-intermediate OV-90 and platinum-resistance
SKOV-3. Overall, the mechanisms surrounding platinum sensitivity/resistance are
multifactorial. Thus, straightforward approaches to personalized medicine should
incorporate ex-vivo drug sensitivity assays in which sensitivity/resistance of individual EOC
sample to an array of antineoplastic agents can be tested. Prerequisites for valid assays
include a) enrichment of EOC cells via combined positive (EpCAM beads) and negative
(anti-fibroblast beads) selections, b) provision of growth-stimulating environments to
enhance the sensitivity to cell-replication-targeting antineoplastic agents, c) use of
appropriate cellular markers to distinguish tumor from normal cells, and d) use of adequate
cytotoxic markers to detect cytotoxicity. Efforts to establish such assays are critical for
successful personalized medicine.
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Figure 1.
Diversity in carboplatin sensitivity among EOC cell lines, and characteristics of SKOV-3,

OV-90 and TOV-21G cells employed in the study. Panel A, the bar graph was generated
using the reported 1C5q values for carboplatin in a panel of 39 EOC cell lines [26]. Panel B,
the information about the origin, phenotypes and mutations in each cell line were collected
from ATCC catalog and earlier reports [22-25].
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Figure 2.
Cytotoxic profiles of various antineoplastic agents against SKOV-3, OV-90 and TOV-21G

cells. Panel A, cytotoxicity was measured using clonogenic assays. For the guanine 0-
chloroethylating agent 90CE, cells were pretreated with 10 uM CP-benzylguanine for 2 h to
abrogate activity of (¥-methylguanine-DNA methyltransferase (MGMT). OB-Benzylguanine
was present in the medium throughout treatment and colony propagation. Panel B, for
clarification, values of LCqq (concentration giving 90% lethality) and fold resistance
(degrees of resistance in OV-90 and SKOV-3 relative to TOV-21G) are tabulated.
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Figure 3.
Western analyses of relevant DNA damage response proteins following treatment with

carboplatin or triapine. Whole cell extracts were prepared from SKOV-3, OV-90 and
TOV-21G cells untreated, or treated with 10 uM carboplatin or 1 pM triapine for 24 h.
BRCAZ2, p53, and RPA70 were resolved by 6% PAGE. Rad51, PCNA, yH2AX, DCK and
MGMT were resolved by 15% PAGE. RPAT70, replication protein A 70 kDa DNA-binding
subunit; PCNA, proliferating cell nuclear antigen; DCK, deoxycytidine kinase; MGMT, CP-
methylguanine-DNA methyltransferase.
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Figure 4.
Inhibition of DNA/RNA syntheses and induction of yH2AX by cisplatin, mitomycin C,

triapine or paclitaxel. Panels A, for short-term treatment, HL-60 cells (2 x 10° cells/ml) were
treated with various agents for 2 h, and labeled with 3H-thymidine or 3H-uridine for 1 h. For
long-term treatment, HL-60 cells (4 x 10° cells/ml) were treated with various agents for 18
h, condensed to 2 x 10° cells/ml and labeled with 3H-thymidine or 3H-uridine for 1 h.
Panels B, HL-60 cells (4 x 10° cells/ml) were treated with various agents for 18 h. Histones
extracted from intact cells were subjected to 15% PAGE and western analyses using an anti-
vH2AX antibody. For a loading control, duplicate gels were used to stain core histones with
GelCode Blue Safe Protein Stain (Thermo Scientific).
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Figureb.
Antineoplastic agents cataloged according to their effectiveness against TOV-21G, OV-90

and SKOV-3 (A) and distinguishable cytotoxic mechanisms of carboplatin/mitomycin C,
triapine and paclitaxel (B).
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Figure 6.
Antitumor activity of paclitaxel and triapine, alone or in combination, against Madison 109

murine lung carcinoma. Tumor-bearing mice (5 mice/group) were treated with i.p. injection
of paclitaxel at a dose of 10 mg/kg once a day for 4 days, triapine isethionate salt (triapine
ITS) at a dose of 10 mg/kg (equivalent to 6 mg/kg of triapine) twice a day, 8 h apart, for 4
days, or combination of both. Paclitaxel dissolved in DMSO at 10 mg/ml was injected in a
volume of 10 pl/10 g weight using insulin syringes. Triapine ITS dissolved in water at 1
mg/ml (pH 4.5) was neutralized with 2 molar equivalents of NaHCO3 immediately before
injection.
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