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ABSTRACT

Ethonafide is an anthracene-containing derivative of

amonafide that belongs to the azonafide series of anticancer

agents. The lack of cross-resistance in MDR-expressing cancer

cell lines and the absence of a quinone and hydroquinone

moiety make ethonafide a possible less-cardiotoxic replacement

for existing anthracene-containing anticancer agents, such as

mitoxantrone and doxorubicin. For this study, we investigated

the anticancer activity and mechanism of action of ethonafide

in human prostate cancer cell lines. Ethonafide was cytotoxic

against three human prostate cancer cell lines at nanomolar

concentrations. Ethonafide was also found to be better

tolerated and more effective at inhibiting tumor growth

compared to mitoxantrone in DU 145 prostate cancer-bearing

mice.

Mechanistically, we found that ethonafide inhibits

topoisomerase II activity in human prostate cancer cell lines

and equally inhibits purified topoisomerase IIα and

recombinant topoisomerase IIβ. The inhibition of

topoisomerase II activity was due to stabilization of the

cleavable complex, involving both topoisomerase IIα and β. By

creating stable DU 145 cell lines with decreased expression of

either topoisomerase IIα or β, we found that topoisomerase IIα
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is necessary for ethonafide-induced cytotoxicity. The

decrease in sensitivity to ethonafide was due to a decrease in

DNA damage and an increase in DNA repair as measured by the

neutral comet assay. Additionally, ethonafide induces potent

G2 cell cycle arrest in the DU 145 human prostate cancer cell

line. Ethonafide also induces apoptosis as measured by

procaspase and PARP cleavage. In conclusion, we have

identified ethonafide as a topoisomerase II poison and

determined that it is topoisomerase IIα-specific in the DU 145

human prostate cancer cell line. Due to ethonafide’s activity

in vitro and in vivo, decreased toxicity in mice compared to

mitoxantrone, and its activity in multi-drug resistant cancer

cell lines, ethonafide may be a suitable replacement to

mitoxantrone for the treatment of hormone-refractory prostate

cancer.
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1. CHAPTER

INTRODUCTION AND OVERVIEW

1.1. Purpose

The purpose of this project was to investigate the

anticancer activity and the mechanism of action of the

anthracene-containing agent ethonafide. Ethonafide was

selected from approximately 160 other azonafide-related

compounds, in part, due its activity in topoisomerase II

poison-resistant cancer cell lines and its low cardiotoxicity

in rat cardiac myocytes. For our model, we investigated

ethonafide’s mechanism of action in prostate cancer cells. We

chose prostate cancer due to the fact that hormone-refractory

prostate cancer (HRPC) is highly chemoresistant and is

considered incurable. In addition, the DNA-intercalating

topoisomerase II poison mitoxantrone is currently approved for

palliative treatment, however, its use is highly limited due

to long-term dose-limiting cardiac toxicity and emerging tumor

resistance. Ethonafide may represent a more tolerable and

more effective agent against androgen-insensitive human

prostate cancer compared to mitoxantrone.
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1.2. Prostate cancer

Prostate cancer, the most common non-skin cancer in men,

is one of the leading causes of cancer-related death in men in

the United States (National Cancer Institute, 2006). It is

estimated that this year there will be approximately 235,000

men that will be diagnosed with the disease and 28,000 that

will die from prostate cancer (American Cancer Society, 2006).

The 5-year survival rate for localized disease is nearly 100%

(American Cancer Society, 2006). Unfortunately, once the

disease has metastasized to distal sites the 5-year survival

rate is approximately 33.5% (American Cancer Society, 2006).

There are three established risk factors for prostate cancer:

age, ethnicity, and family history. Over 65% of prostate

cancers are diagnosed in men over the age of 65. African

Americans have an incidence rate of prostate cancer 1.6 times

that of Caucasian Americans and have a mortality rate 2.5

times greater. In addition to age and ethnicity, familial

prostate cancer accounts for 5% to 10% of total prostate

cancers (American Cancer Society, 2006).

As previously mentioned, the mortality rate of prostate

cancer in the United States is approximately 12% of the

incidence rate. The large disparity between occurrence and

death is attributed to the slow growing nature of the disease
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and the increase in early diagnosis. There are three methods

used in the clinic for detecting prostate cancer: a digital

rectal exam (DRE), quantification of plasma prostate-specific

antigen (PSA) levels and a transrectal ultrasound (TRUS)-

directed needle biopsy (American Cancer Society, 2006). In a

DRE, the rectal wall is checked for hard, lumpy areas by a

physician. Analysis of plasma determines PSA levels. This

serine protease is produced by the prostate and is elevated in

prostate cancer, among other diseases (Hanks et al., 1993).

The results of a DRE or PSA test can be used by the physician

to decide whether to pursue a definitive diagnosis using

transrectal ultrasound (TRUS) guided needle biopsy. This

entails the removal of tissue cores from the prostate for

further analysis.

Adenocarcinoma of the prostate accounts for close to 98%

of prostate cancers and arises from the acinar and proximal

duct regions of the prostate primarily in the peripheral zone,

which is located in the posterior region of the prostate

(Hanks et al., 1993).

The most commonly used grading system for prostate

cancer is the Veterans Administration Cooperative Urological

Research Group (VACURG) grading system, most commonly referred

to as the Gleason grading system (Gleason and Mellinger, 1974;
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Gleason, 1992). The grading system is based on the histologic

pattern of prostate tissue. Grade 1 is given to

histologically normal tissue and grade 5 is given to

histologically abnormal tissue that is clearly anaplastic and

undifferentiated. Grades 2 through 4 have intermediate

characteristics. Often, more than one grade exists throughout

the prostate gland. To help account for the heterogeneous

nature of prostate cancer, the two most common patterns are

graded separately and then combined to make the final scale

range from 2 to 10. There is a proportional increase between

the Gleason grade and the mortality rate associated with

prostate cancer (Gleason and Mellinger, 1974; Gleason, 1992).

At the time of diagnosis, many patients have a localized

form of prostate cancer (American Cancer Society, 2006).

Current treatment options for localized disease include

removal of the prostate by radical prostatectomy or watchful

waiting, which is used in cases where the detrimental effects

of treatment outweigh monitoring the disease without any

initial treatment (Chodak and Warren, 2006). For locally

advanced disease, the first line of therapy is androgen

deprivation therapy (ADT) that may be done by a bilateral

orchiectomy or by pharmacological inhibition of testosterone

(Sharifi et al., 2005). Pharmacologically, gonadotropin-
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releasing hormone agonists (GnRH-As) and androgen receptor

antagonists are used (Sharifi et al., 2005). Unfortunately,

in almost every case, the disease progresses to an androgen-

insensitive form that is termed hormone-refractory prostate

cancer (HRPC) (Sonpavde and Hutson, 2006). Currently, there

are no curative treatments for HRPC. Chemotherapeutic agents,

along with corticosteroids, are currently used as palliative

treatments for HRPC. One of the most common chemotherapeutic

agents used is the DNA-intercalating topoisomerase II

inhibitor mitoxantrone (Novantrone®, Serono, Inc.) (Kantoff et

al., 1999; Gilligan and Kantoff, 2002; Berry et al., 2002).

Mitoxantrone produces an improved palliative response but no

improvement in overall survival (Berry et al., 2002; Michels

et al., 2006). Also, the long term dose-limiting

cardiotoxicity associated with mitoxantrone resulted in

diminished use of this effective therapy; currently MUGA scans

(noninvasive tool for assessing cardiac function) are required

prior to each drug administration (Aviles et al., 2005).

Recently, docetaxel plus prednisone was shown to increase

survival by approximately 2.5 months compared to mitoxantrone

plus prednisone (Tannock et al., 2004). For this reason,

docetaxel is currently considered first-line therapy for HRPC

(Michels et al., 2006). Currently, several clinical trials
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are planned investigating the efficacy of new agents alone and

in combination in HRPC (Sonpavde and Hutson, 2006).

1.3. Ethonafide

Ethonafide is an anthracene-based DNA intercalator that

belongs to the azonafide series of anticancer agents. The

azonafide (2-[2’-(Dimethylamino)ethyl]-1,2-dihydro-3H-

dibenzene[de,h]isoquinoline-1,3-dione) series of anticancer

agents are chemically similar to the napthylene-based DNA

intercalator amonafide (NSC-308847/Quinamed®), but differ by

the addition of a fourth ring resulting in a planar,

anthracene nucleus. In HRPC patients, amonafide proved

virtually ineffective due to its inability to achieve

effective doses because of grade 4 toxicities and treatment-

related deaths, and was not approved by the FDA (Marshall et

al., 1994; Innocenti et al., 2001). The dose-limiting

myelosuppression from amonafide is in part due to the

acetylation of the primary amine at the 5 position of

amonafide creating a metabolite that blocks excretion of the

parent drug (Felder et al., 1987; Ratain et al., 1991;

Innocenti et al., 2001). Because the azonafides contain a

fourth benzene ring and, therefore, lack the primary amine at
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the 5-position, metabolism of azonafides does not produce the

N-acetyl-amonafide toxic metabolite (Mayr et al., 1998).

Based on the azonafide structure, several compounds were

synthesized by the addition of functional groups on the

anthracene nucleus in the laboratory of William Remers, Ph.D.,

College of Pharmacy, University of Arizona (Sami et al., 1995;

Sami et al., 1996). Approximately 160 compounds were

synthesized and assayed for cytotoxicity in cancer cell lines

and neonatal rat cardiac myocytes, ability to intercalate into

and stabilize DNA as determined by measuring DNA melt

transition temperatures, and antitumor activity in vivo. To

maximize drug-DNA interactions, an ethoxy group was added at

the 6 position of azonafide creating ethonafide (Figure 1.1)

(Sami et al., 1996).
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Figure 1.1 Structures of amonafide, azonafide, and ethonafide.

Compared to amonafide, ethonafide was on average 80 times

more potent in 10 different cancer cell lines and had a DNA

melt transition temperature approximately 5 times greater

(Sami et al., 1996). In the human tumor cloning assay,

ethonafide was on average 10-fold more active in preventing

colony formation compared to doxorubicin (Dorr et al., 2001).

In a SCID mouse xenograft model, ethonafide was more effective

than mitoxantrone in inhibiting tumor cell growth in SCID mice

bearing MCF-7 breast or A549 non-small cell lung cancer cells

(Dorr et al., 2001). Ethonafide also increased the life-span

of mice injected with P388 leukemia and L1210 leukemia by 55%

and 100%, respectively. Also, 6 mg/kg ethonafide led to
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complete inhibition of tumor growth in the B16 melanoma

xenograft tumor regression model (Sami et al., 1996).

In comparison to other DNA-intercalating topoisomerase II

inhibitors, there are some possible benefits to ethonafide.

Failure of chemotherapy in HRPC is thought to be partially

attributed to the emergence of multidrug resistance (van

Brussel and Mickisch, 2003). A potential benefit with

ethonafide is the lack of cross-resistance in many

topoisomerase II-resistant cancer cell lines (Sami et al.,

1996). The cytotoxicity of ethonafide in sensitive and drug

resistant variants of MCF-7 breast cancer and WiDr colon

cancer cell lines are given in Table 1.1 (Sami et al., 1996).

This suggests that ethonafide is not a substrate for efflux

transporters typically involved with multidrug resistance.

Table 1.1 Cytotoxicity of ethonafide, doxorubicin, and
mitoxantrone in sensitive- and drug-resistant human cancer
cell lines.

7-day IC50 of ethonafide, doxorubicin, and mitoxantrone in MCF-
7 and WiDr cancer cell lines and resistant variants as
measured by the sulforhodamine B assay. IC50 values are
reported in nM (Sami et al., 1996).

MCF-7 breast cancer

Sensitive Dox Mitox

WiDr colon cancer

Sensitive Mitox

Ethonafide

Doxorubicin

Mitoxantrone

11 18 14

28 1172 28

9 72 41

17 63

53 130

8 488
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Another possible benefit of ethonafide compared to agents

such as doxorubicin (Adriamycin®, Bedford Laboratories) and

mitoxantrone is the absence of the quinone and hydroquinone

moieties, respectively, which are in part responsible for the

dose-limiting cardiotoxicity associated with both drugs (Pan

et al., 1981; Mewes et al., 1993; Myers et al., 1977). These

data suggest that ethonafide may provide a more effective

therapeutic option, compared to currently used topoisomerase

II poisons, for patients with existing heart conditions and

with chemotherapy-resistant cancers.

Mechanistically, ethonafide has been investigated using

Chinese hamster ovary (CHO) cells. In CHO cells, ethonafide

inhibited DNA and RNA synthesis as early as 2 h after initial

exposure. Ethonafide also induced DNA strand breaks and DNA-

protein cross-links (DPC) in CHO cells. In a cell-free assay,

ethonafide inhibited topoisomerase IIα activity as measured by

a topoisomerase II plasmid DNA relaxation assay. The

inhibition of topoisomerase II activity has not been

demonstrated in human cancer as a mechanism of ethonafide

cytotoxicity. Also in CHO cells, ethonafide had a unique

localization pattern, where a large proportion of the drug

localized to the cytoplasm and not the nucleus. This is in

contrast to other azonafides and anthracyclines, which
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predominantly localize to the nucleus (de Lange et al., 1992;

Davies et al., 1996; Mayr et al., 1997). It is possible that

this cytoplasmic localization may involve the mitochondria.

Topoisomerase II inhibitors have been reported to interact

with the topoisomerase enzyme found in mitochondria. Lin et

al. isolated a protein from calf thymus mitochondria that had

topoisomerase II activity and was inhibited by amsacrine and

teniposide (Lin and Castora, 1991). Low et al. identified a

truncated form of topoisomerase IIβ in bovine mitochondria

(Low et al., 2003). Also, Singh et al. demonstrated that HeLa

cells deficient in mitochondrial DNA were resistant to

doxorubicin-induced cell death compared to the parent cell

line (Singh et al., 1999). The absence of mitochondrial DNA

may confer resistance to topoisomerase II poisons that rely on

mitochondrial DNA damage as an additional mechanism of

cytotoxicity. Whether this cytoplasmic localization plays a

major role in ethonafide’s mechanism of action is unknown.

1.4. Topoisomerase II

DNA topoisomerases are nuclear enzymes that are involved

in DNA replication, transcription, recombination, and

chromosome condensation and decondensation (Champoux, 2001).

The topoisomerases fall into two major classes: the type I and
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N-terminus
(ATPase domain)

DNA
binding/cleavage
domain

C-terminus

type II enzymes. The type I enzymes cleave single strands of

DNA, whereas the type II enzymes, such as topoisomerase II,

generate a DNA double-strand break (DSB) (Champoux, 2001). An

illustration of topoisomerase II is given in Figure 1.2.

Figure 1.2 An illustration of the topoisomerase II enzyme.
The enzyme is shown as a homodimer.

The N-terminus is the ATPase domain and is the region in which

double-stranded DNA (dsDNA) enters the enzyme. The DNA

capture domain is located in the center of the enzyme and DNA

is passed through the enzyme through the C-terminus (Champoux,

2001). The C-terminus of the topoisomerase II enzyme has been
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shown to be highly phosphorylated during mitosis (Isaacs et

al., 1998). Whether phosphorylation of the C-terminus is

necessary for increased topoisomerase II activity is unknown.

The C-terminus has also been demonstrated to be responsible

for the nuclear localization of topoisomerase IIα (Mirski et

al., 1997). The catalytic cycle of topoisomerase II is as

follows (Champoux, 2001; Fortune and Osheroff, 2000; Walker

and Nitiss, 2002) (Figure 1.3):

1. The catalytic cycle of topoisomerase II is initiated by

binding to dsDNA. This dsDNA is referred to as the gated

DNA helix (G-segment). The enzyme has a higher affinity

for DNA in the presence of the divalent cation magnesium.

2. Once the DNA is trapped in the enzyme, the enzyme nicks

the DNA on each strand and then forms a covalent complex

between its tyrosine residues and the 5’-phosphate

exposed on the DNA. This results in a 4-base 5’-overhang

on each cleaved strand. This transient covalent complex

is referred to as the cleavable complex.

3. Once ATP has bound the enzyme, the enzyme passes a second

dsDNA through the double-stranded DNA break. This second

dsDNA is referred to as the transported DNA helix (T-

segment). Once the T-segment is passed through, the ATP
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is hydrolyzed, which opens the protein clamp and releases

the T-segment through the C-terminus.

4. Once the T-segment is passed through, the enzyme can

religate the DNA double-strand break or pass another

dsDNA through the cleaved dsDNA.
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Figure 1.3 Catalytic cycle of topoisomerase II. Step 1 shows
the free topoisomerase II dimer. Step 2 represents the
binding of dsDNA, which is referred to as the gated DNA helix
(grey bar). Step 3 represents a stage in which there is an
equilibrium between cleavage and religation. A second dsDNA
(black bar), the transported DNA helix, will enter the enzyme.
Step 4 represents the cleavable complex where the DNA is
cleaved and covalently bound to the enzyme. The binding of
ATP to the ATP-binding domain induces a conformational change
where the transported DNA helix is passed through the cleaved
gated DNA helix. In step 5, the hydrolysis of ATP allows the
transported DNA helix to be passed through the C-terminus. At
this point, the enzyme can then perform another reaction
(Austin and Marsh, 1998; Champoux, 2001).

1

2

3
4

5
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The topoisomerase II enzyme exists in either an α or β

isoform. Each isoform is capable of cleaving dsDNA, however,

they are believed to ultimately play different roles in the

cell. Table 1.2 lists some of the similarities and

differences between the two isoforms.

Table 1.2 Comparison of topoisomerase IIα and β isoforms.

Topoisomerase IIα Topoisomerase IIβ

Chromosome location 17q21-22 3p24

Molecular weight 170 180

Metabolic function Decatenation Decatenation

Biological function Chromosomal DNA
condensation and

segregation

Repair

Subunit structure Homo/hetero dimmer Homo/hetero dimmer

Cell cycle phase G2/M phase of cell
cycle

Constitutive
expression

The common characteristics of each topoisomerase II isoform
(Austin and Marsh, 1998).

The two isoforms share a homology of approximately 77%. The

greatest region of homology between the two isoforms is in the

N-terminus region and the C-terminus region is the most

heterogeneous (Austin et al., 1993). The two isoforms

generally homodimerize but they have been shown to also form

heterodimers (Gromova et al., 1998). The expression of

topoisomerase IIα fluctuates throughout the cell cycle with
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levels peaking during the G2/M phase of the cell cycle

(Woessner et al., 1991; Sugimoto et al., 1998).

Alternatively, the topoisomerase IIβ protein levels remain

constant throughout the cell cycle (Woessner et al., 1991;

Sugimoto et al., 1998). The α isoform is involved in

chromosome condensation in mitosis. The α isoform is also

essential for embryonic development because topoisomerase IIα

knockout mice are embryonically lethal (Akimitsu et al.,

2003). The knockout of topoisomerase IIβ in mice is not

embryonically lethal, however, they do die shortly after birth

(Yang et al., 2000). In cell culture, the siRNA-targeted

knockdown of each topoisomerase II isoform leads to two

distinct phenotypes. Sakaguchi and Kikuchi created HeLa

cervical cancer cell lines with decreased expression of either

topoisomerase IIα or β (Sakaguchi and Kikuchi, 2004). They

found that the knockdown of topoisomerase IIα does lead to an

increase in cells in prophase, however, many of the cells do

undergo mitosis with morphologically normal chromosomes. By

knocking down both isoforms, the researchers found that some

cells existed as 8n for DNA content and had abnormal

chromosomes. This suggested that the β isoform can partially

compensate for a lack of topoisomerase IIα. However, the

compensation is not completely efficient and the observed
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compensation by topoisomerase IIβ may actually be due to the

low levels of topoisomerase IIα (Grue et al., 1998). The β

isoform is believed to play an important role in DNA repair

(Austin and Marsh, 1998; Emmons et al., 2006). Recently,

Emmons et al. demonstrated that by decreasing topoisomerase

IIβ expression in the K562 chronic myelogenous leukemia and

the U937 lymphoma cell lines the cells were impaired in

repairing melphalan-induced DNA cross-links and were also more

sensitive to melphalan-induced cytotoxicity (Emmons et al.,

2006).

1.5. Topoisomerase II inhibitors

Topoisomerase II inhibitors are categorized based on

whether they stabilize the cleavable complex or catalytically

inhibit enzymatic activity. As previously described, the

cleavable complex is the transient covalent bond between

topoisomerase II and nicked dsDNA. Agents that stabilize the

cleavable complex between DNA and topoisomerase II are

referred to as topoisomerase II poisons. Stabilization of the

cleavable complex leads to irreversible DNA DSBs. This class

of agents is divided into DNA-intercalating and non DNA-

intercalating topoisomerase II poisons. The second class of

topoisomerase II inhibitors is referred to as the catalytic
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inhibitors. Topoisomerase II catalytic inhibitors are agents

that inhibit topoisomerase II activity but do not stabilize

the cleavable complex (Larsen et al., 2003a). In general,

catalytic inhibitors do not induce DNA double-strand breaks.

The bisdioxopiperazine catalytic inhibitors ICRF-193 and ICRF-

187 stabilize topoisomerase II in a closed clamp, noncovalent

complex, around the DNA (Roca et al., 1994). The ICRF

compounds have been shown to induce DNA double-strand breaks

but at higher drug concentrations and much lower frequencies

as compared to topoisomerase II poisons (Hajji et al., 2003).

Examples of topoisomerase II inhibitors are given in Table

1.3.
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Table 1.3 Topoisomerase II inhibitors.

Agent Mechanism of action

Etoposide
Teniposide
(non DNA-

intercalating)

Stabilize cleavable complex

Mitoxantrone
Doxorubicin

(DNA-
intercalating)

Stabilize cleavable complex

ICRF-193
ICRF-187

Inhibit hydrolysis of ATP

Aclarubicin
Suramin

Prevent binding of
topoisomerase II to DNA

Novobiocin Blocks ATP binding site

Merbarone Inhibits enzyme-mediated DNA
cleavage

The common topoisomerase II inhibitors are listed above, along
with their mechanisms of action. The greyed boxes are the
topoisomerase II poisons and the white boxes represent the
topoisomerase II catalytic inhibitors.

It has been reported that many topoisomerase II poisons

may be isoform specific (Errington et al., 1999; Gao et al.,

1999; Snapka et al., 2001; Chikamori et al., 2005). In other

words, the poisons will preferentially inhibit one of the

isoforms of topoisomerase II over the other. However, cell-
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free analysis of drug specificity has demonstrated that many

of these agents have similar affinities for both topoisomerase

II isoforms (Cornarotti et al., 1996; Marsh et al., 1996). In

fact, many of these agents also possessed similar DNA cleavage

patterns (Capranico et al., 1993; Cornarotti et al., 1996;

Marsh et al., 1996). However, the knockdown of topoisomerase

IIα or β confers resistance to many topoisomerase II poisons

(Errington et al., 1999; Snapka et al., 2001; Chikamori et

al., 2005). For example, murine transgenic cell lines lacking

topoisomerase IIβ have been shown to be resistant to

etoposide, mitoxantrone, and amsacrine (Errington et al.,

1999). Stable HL-60 human leukemia cell lines with decreased

expression of either topoisomerase IIα or β were established

and the cytotoxicities of several anticancer agents were

investigated. It was found that the cell line with decreased

expression of topoisomerase IIα was most resistant to

etoposide and the cell line with decreased expression of

topoisomerase IIβ was most resistant to amsacrine and

mitoxantrone (Chikamori et al., 2005). Willmore et al.

demonstrated that treatment of the CCRF-CEM human leukemia

cell line with etoposide led to cleavable complex formation

involving both isoforms of topoisomerase II (Willmore et al.,

1998). Errington et al. demonstrated that in mouse embryonic
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fibroblasts (MEFs) the rate of removal of topoisomerase II

from the cleavable complex differed between the two isoforms

and also from poison to poison (Errington et al., 2004). The

researchers found that in the MEFs, topoisomerase IIβ

complexes dissociated twice as fast compared to the α isoform

in response to etoposide. Similar discordance was seen with

mitoxantrone treatment, however, the removal of the complexes

took almost 15 times longer, compared to etoposide, in both

isoforms. Amsacrine-stabilized topoisomerase IIα and β were

removed at similar rates. The reason for the differences

between publications with regards to the isoform-specificity

of topoisomerase II poisons may be due to the different

cleavable complex repair mechanisms that exist in each model.

One agent that has an increased affinity for topoisomerase IIβ

is the topoisomerase II poison XK469 (Gao et al., 1999; Snapka

et al., 2001). In fact, XK469 almost exclusively stabilizes

topoisomerase IIβ-mediated cleavable complexes (Gao et al.,

1999). Knockout of topoisomerase IIβ in mouse cells conferred

resistance to the cells when treated with XK469 (Snapka et

al., 2001).

Cancers can become resistant to topoisomerase II

inhibitors through several mechanisms including up-regulation

of multi-drug resistant efflux transporters, down-regulation
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of topoisomerase II activity by altering expression or

enzymatic activity, and sequestration of topoisomerase II to

the cytoplasm (Feldhoff et al., 1994; van Brussel et al.,

1999; David-Beabes et al., 2000; Chikamori et al., 2003; Allen

et al., 2004). Resistance to topoisomerase II inhibitors is

generally a combination of the above listed mechanisms. In

contrast to other cancer types, prostate cancer cell lines and

prostate cancer tissues generally express very low to non-

detectable levels of the efflux transporter P-glycoprotein

(Pgp) (Theyer et al., 1993; David-Beabes et al., 2000; van

Brussel et al., 2001).

1.6. Topoisomerase II inhibition and cell death

It is understood that the cytotoxic activity of

topoisomerase II poisons is due to the fact that the drug-

stabilized cleavable complexes generate DNA DSBs (Kaufmann,

1998). It should be noted that the drug-stabilized cleavable

complexes are reversible once the topoisomerase II poisons are

removed. With topoisomerase II poisons, the conversion of the

cleavable complex into an irreversible lesion is not well

understood. It is believed that DNA track proteins, such as

DNA or RNA polymerase, can collide with the cleavable complex

leading to an irreversible DNA double-strand break (Kaufmann,
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1998; Walker and Nitiss, 2002). How the drug-stabilized

cleavable complex is repaired is not fully understood.

Recently, some work has been conducted with topoisomerase I

and II inhibitors in the fission yeast Schizosaccharomyces

pombe (Malik and Nitiss, 2004). Different strains of this

yeast were created with mutations in specific DNA repair

proteins. Strains with mutations in genes involved with

homologous recombination and DNA damage checkpoints resulted

in increased sensitivity to topoisomerase I and II inhibition

compared to the wild-type strain. There is evidence that non-

homologous end-joining may also play a role in repair of

topoisomerase II poison-induced DNA damage in yeast (Malik et

al., 2006). The exact mechanism of repair of drug-stabilized

topoisomerase II in mammalian cells is not known.

The stabilization of the cleavable complex has two

general outcomes: cell cycle arrest and induction of apoptotic

cell death. In general, topoisomerase II poisons will arrest

cells in the G2 phase of the cell cycle, due to the large

amounts of DNA damage (Larsen et al., 2003b; Skoufias et al.,

2004; Potter and Rabinovitch, 2005; Vogel et al., 2005).

Catalytic inhibitors, however, are capable of inducing a

mitotic arrest due to the inhibition of topoisomerase II

activity without the induction of DNA damage (Skoufias et al.,



42

2004). Notably, the degree of G2 arrest in response to

topoisomerase II poisons is dependent on the p53 status of the

cancer (Fornari, Jr. et al., 1994; Tyagi et al., 2002; Larsen

et al., 2003b). Cancers with a mutated or deleted p53 almost

exclusively arrest in the G2 phase of the cell cycle. This is

in contrast to cancers with wild-type p53, which not only

arrest in G2 but also arrest in the G1 phase of the cell cycle.

However, the G2 arrest in p53 wild-type cancers is generally

much more pronounced than the G1 arrest.

The formation of the DNA DSBs does eventually induce

programmed cell death. The DNA double strand breaks can

induce cell death through both the intrinsic and extrinsic

apoptotic pathway (Fulda et al., 2000; Fulda et al., 2001;

Kaina, 2003).

1.7. Topoisomerase II in normal and neoplastic tissues

As previously mentioned, topoisomerase II is absolutely

necessary for cell division. In general, tissues with higher

proliferative indexes have higher levels of topoisomerase IIα.

For example, the testes and lymph nodes express very high

levels of topoisomerase IIα, whereas skeletal muscle and the

nerves express nondetectable levels of this enzyme (Bauman et

al., 1997). Cancers in general, express higher levels of
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topoisomerase IIα compared to their normal tissue counterparts

(Turley et al., 1997). In fact, topoisomerase IIα levels have

been reported as possible prognostic markers in several

cancers (Vidal et al., 2002; MacGrogan et al., 2003; Schrader

et al., 2004; Hughes et al., 2006). In prostate cancer, the

Gleason score is proportional to the expression of

topoisomerase IIα (Hughes et al., 2006). In the same study,

HRPC samples were found to have higher levels of topoisomerase

IIα compared to hormone-sensitive prostate cancers.

1.8. Prostate cancer cell lines

In this project, the cytotoxic activity of ethonafide was

investigated in the DU 145, PC-3, and LNCaP human prostate

cancer cell lines (Sobel and Sadar, 2005). The DU 145 and PC-

3 cell lines are androgen-insensitive, whereas the LNCaP cell

line is androgen-sensitive. The DU 145 and PC-3 cancer cell

lines were derived from distal prostate cancer metastases,

whereas the LNCaP human prostate cancer cell line was derived

from a slower growing, locally metastatic disease. All three

cell lines have been shown to be sensitive to anticancer

agents, although to varying degrees, including topoisomerase

II inhibitors (van Brussel et al., 1999; Budman et al., 2002).

The common characteristics of these three prostate cancer cell



44

lines and the normal prostate cells, PReC, are listed in Table

1.4. 

Table 1.4 Common characteristics of three human prostate
cancer cell lines and normal prostate cells.

The characteristics of three of the most common human prostate
cancer cell lines and normal prostate cells, PReC, are given
above. For protein expression +++ denotes very high protein
levels compared to other cancer cell lines; ++ denotes equal
protein levels compared to other cancer cell lines; + denotes
low protein levels compared to other cancer cell lines; and
+/- denotes very low to non-detectable levels (van Brussel et
al., 1999; Sobel and Sadar, 2005; Hughes et al., 2006).

DU 145 PC-3 
 

LNCaP PReC

Site derived Brain Bone Lymph
Node

Prostate

Doubling
(hours)

34 33 60 Varies

Androgen
sensitivity

Insensitive Insensitive Sensitive Sensitive

p53 status Mutated Deletion Wild-type Wild-type

Xenograft Yes Yes Yes No

Topoisomerase
IIα

expression

+++ ++ + +/-

Topoisomerase
IIβ

expression

++ ++ ++ Unknown

Pgp
expression

+/- +/- +/- +/-
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1.9. Objective and hypothesis

Objective

The objective of this work was to investigate the

mechanism of action of the anticancer agent ethonafide in

prostate cancer. The anticancer activity was investigated in

vitro and in vivo and the effects of this agent on the

apoptotic pathway and the cell cycle were also investigated.

Although ethonafide-mediated topoisomerase II inhibition had

been demonstrated using purified topoisomerase IIα in a cell-

free topoisomerase II relaxation assay, topoisomerase II

inhibition has not been identified as ethonafide’s mechanism

of cytotoxicity in cancer. The identification of ethonafide’s

molecular target will allow for the identification of more

responsive patient populations. This will also allow us to

identify mechanisms of resistance to this agent.

Hypothesis

The hypothesis of this work is that ethonafide induces

DNA double-strand breaks, through stabilization of the DNA-

topoisomerase II cleavable complex, leading to cell cycle

arrest and apoptosis.
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Specific Aims

1. To characterize the cytotoxicity of ethonafide in human

prostate cancer.

Goal 1: The first goal of this specific aim was to

determine the sensitivity of three common human prostate

cancer cell lines to ethonafide. In addition to human

prostate cancer cell lines, we determined ethonafide

cytotoxicity in normal human prostate epithelial cells.

Goal 2: Ethonafide antitumor activity was investigated

using a xenograft tumor regression model in DU 145 prostate

cancer cell line bearing SCID mice. The activity of

ethonafide was compared to the DNA-intercalating

topoisomerase II poison mitoxantrone. In an additional

study, possible ethonafide-mediated dose-limiting

toxicities were investigated by measuring complete blood

counts (CBCs) and markers for hepatic and renal functions.

2. To investigate the effects of ethonafide on apoptosis and

the cell cycle in the DU 145 human prostate cancer cell

line.

The overall purpose of this aim was to characterize the

effects of ethonafide on cell death and the cell cycle.
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The characterization of cell cycle and apoptotic effects

would then be compared to the results from the mechanism of

action studies from specific aim three. In addition, the

unique localization pattern observed in CHO cells was also

investigated in the DU 145 human prostate cancer cell line.

We will determine whether the cytoplasmic localization

pattern is observed in the DU 145 cancer cell line and if

it contributes to the mechanism of action of ethonafide.

3. To investigate whether ethonafide inhibits topoisomerase II

in human prostate cancer.

Goal 1: The first goal of this specific aim was to

determine whether ethonafide inhibited topoisomerase II in

human prostate cancer cell lines and in what manner.

Goal 2: The isoform-specificity of ethonafide was

investigated in the DU 145 human prostate cancer cell line

by creating stable cell lines with decreased expression of

either topoisomerase IIα or β. The sensitivity of these

cell lines in response to ethonafide was determined. In

addition, the degree of ethonafide-induced DNA damage was

investigated in these cell lines.
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2. CHAPTER

MATERIALS AND METHODS

2.1. Chemicals and reagents

The free base (M.W. 362.4) and mesylate salt (M.W. 457.5)

of ethonafide were provided by AmpliMed Corp. (Tucson, AZ,

USA). The free base of ethonafide was used for most of the

cell culture studies and was solubilized in dimethyl sulfoxide

(DMSO) (VWR, West Chester, PA) at a stock concentration of 2

mM. The mesylate salt of ethonafide is a water soluble form

of the free base and was used for the in vivo animal studies

(Figure 2.1). The mesylate salt of ethonafide was supplied in

sterile water at a concentration of 21.2 mg/mL. In vitro, the

mesylate salt of ethonafide was shown to have a similar

cytotoxicity compared to the free base (Figure 2.2). All

other chemicals and reagents were purchased from Sigma-Aldrich

Co. (St. Louis, MO) unless otherwise stated.
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Figure 2.1 The structure of the mesylate salt of ethonafide.

Figure 2.2 A 3-day cytotoxicity curve of
the free base and mesylate salt of ethonafide in the DU 145
human prostate cancer cell line as measured by MTT
cytotoxicity analysis.
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2.2. Cell culture

The DU 145, PC-3, and LNCaP human prostate cancer cell

lines were purchased from the American Type Culture Collection

(Manassas, VA). Cell lines were cultured in Roswell Park

Memorial Institute (RPMI) 1640 medium supplemented with 10%

bovine calf serum (BCS) (Hyclone, Logan, UT), 50 units/mL

penicillin and 50 µg/mL streptomycin (Invitrogen, Carlsbad,

CA), and 2 mM L-glutamine (Invitrogen). The PReC normal human

prostate epithelial cells were purchased from Cambrex

(Walkersville, MD). Normal prostate cells were cultured in

Prostate Epithelial Cell Basal Medium® supplemented with

growth factors (bovine pituitary extract (BPE),

hydrocortisone, human epidermal growth factor (hEGF),

epinephrine, insulin, triiodothyronine, transferrin,

gentamicin and amphotericin-B, and retinoic acid). The

NIH/3T3-based PT67 retroviral packaging cells (Clontech, Palo

Alto, CA) were grown in Dulbecco’s Modified Eagle’s Medium

(DMEM) supplemented with 10% BCS, 50 units/mL penicillin and

50 µg/mL streptomycin, and 2 mM L-glutamine. All cell lines

were maintained under standard cell culture conditions at 37°C

and 5% CO2 in a humid environment. Cell lines were

periodically assayed for mycoplasma and were found to be

negative.
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2.3. Cytotoxicity assay

Mitochondrial activity of living cells was determined by

measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) to a blue formazan based

upon a method developed by Mosmann (Mosmann, 1983). Briefly,

cells in exponential growth were dispensed in 100 µL aliquots

into 96-well plates to give a final number of 1000 to 10,000

cells per well, depending on cell type and length of drug

exposure. After 24 h, drug solution was added to each well to

achieve a final desired drug concentration in a total volume

of 200 µL per well. After incubation for indicated time

periods at 37°C, 50 µL of MTT solution (1 mg/mL) was added to

each well and plates were then incubated for an additional 4 h

at 37°C. After incubation with MTT solution, plates were

centrifuged for 5 min at 700 x g. The medium was then

aspirated and 100 µL of DMSO was added to each well to

dissolve crystalline formazan reaction product. The plates

were shaken for 5 min and the absorbance at 540 nm was read on

a µQuant microplate reader (BIO-TEK, Winooski, VT). Data are

expressed as the percentage of growth of control cells

calculated from absorbance corrected for background

absorbance. The surviving fraction of cells was determined by

dividing the mean absorbance values of the drug-treated cells
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by the vehicle-treated cells. The IC50 is defined as the drug

concentration that inhibits growth to 50% of vehicle-treated

control and calculated from sigmoidal analysis of the dose

response curve using Origin v6.1 software (Northampton, MA).

2.4. Mice

The male SCID mice (5-6 weeks old) used for the tumor

regression study were purchased from the National Cancer

Institute Animal Production Program (Frederick, MD). The male

C57BL/6 mice (5-6 weeks old) used for the toxicity studies

were purchased from the Jackson Laboratory (Bar Harbor, ME).

Mice were housed according to guidelines of the American

Association for Laboratory Animal Care under protocols

approved by the University of Arizona Institutional Animal

Care and Use Committee. Mice were housed in standard

microisolator caging on wood chip bedding. Mice received

standard rodent chow (Harlan/Teklad, Madison, WI) and sterile

water ad libitum. Mice were maintained on a 12 hour

light/dark schedule.

2.5. In vivo tumor regression study

Approximately 5 x 106 DU 145 human prostate cancer cells

were injected subcutaneously into the right rear flank of male
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SCID mice, 6 to 8 weeks of age. Once the tumors reached

approximately 60 mm3, the mice were randomized so that the

average tumor size in each group (n=8) was approximately 60

mm3. On the following day, mice were injected with 0.75 mg/kg

or 1.5 mg/kg of the mesylate salt of ethonafide, 0.45 mg/kg

mitoxantrone, or 0.9 % sterile saline every four days for a

total of three doses. This dosing schedule was chosen to

allow for comparisons to previously conducted tumor inhibition

studies using ethonafide and mitoxantrone (Dorr et al., 2001).

The maximally tolerated dose (MTD) of 0.45 mg/kg mitoxantrone

in SCID mice was previously established in our laboratory

(Dorr et al., 2001). The mesylate salt of ethonafide proved

to be more toxic in vivo compared to the free base. This may

be due to increased solubility of the mesylate salt. For that

reason, a lower dose of the mesylate salt was used as compared

to the dose previously used with the free base (Sami et al.,

1996; Dorr et al., 2001). Tumor volume and mouse weights were

measured two to three times a week. Tumor volumes were

determined based on the following equation: (length x

width2)/2.

Four different calculations were conducted to assess

antitumor activity based on NCI criteria (Bissery et al.,
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1991). The Tumor Growth Inhibition (T/C) value was calculated

once the median tumor size reached 750 mm3 as follows:

Median tumor weight of treated group

Median tumor weight of control group

According to NCI standards, a T/C ≤42% defines an active

compound and a T/C ≤10% defines a highly active agent. The

next parameter is the Tumor Growth Delay (T-C) value. This

value is based on the median time (in days) for tumors in all

groups to reach 750 mm3. The third parameter is the Tumor-

Doubling Time (Td). This value is calculated from the best fit

straight line of a log linear growth plot. Lastly, the

calculation of Tumor Cell Kill (Log10 cell kill) is determined

as follows:

T-C 

 3.32 x Td

2.6. In vivo toxicity study

Ethonafide was evaluated in mice to characterize the

toxicologic effects on bone marrow, and renal and hepatic

functions. Male C57BL/6 mice (n=8/group), 6-8 weeks old, were

administered 1.5 mg/kg or 2.0 mg/kg ethonafide, or 1.0 mg/kg

or 1.5 mg/kg mitoxantrone every four days for a total of three

doses. The doses of mitoxantrone were established from

previous in vivo studies (Fujimoto and Ogawa, 1982; Sami et

T/C (%) = x 100

Log10 cell kill =
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al., 1996). The doses for ethonafide were calculated based on

the dose ratio between ethonafide and mitoxantrone from the in

vivo tumor regression study. At days 10 and 12 (1 and 3 days

after final drug injection, respectively) following the last

drug injection, mice were exsanguinated to collect whole blood

for hematologic analysis and plasma for blood-chemistries, and

renal and hepatic functions.  

 

2.7. Immunoblot analysis

For detection of proteins, nuclear and cytoplasmic

fractions were obtained according to Dignam et al. (Dignam et

al., 1983). Prostate cancer cells were treated with

ethonafide for specified concentrations and times, and were

then lysed with 20 mM HEPES, 1 mM EDTA, and 1 mM EGTA

supplemented with NaF (20 mM), Na3VO4 (1 mM), Na4P2O7 (1 mM),

DTT (1 mM), leupeptin (0.5 µg/mL), antipain (50 µg/mL),

aprotinin (2 µg/mL), and 0.2% NP-40 to isolate cytoplasmic

proteins and the nuclear extract was lysed with 420 mM NaCl,

20 mM HEPES, 1 mM EDTA, 1 mM EGTA, 20% glycerol supplemented

with NaF (20 mM), Na3VO4 (1 mM), Na4P2O7 (1 mM), DTT (1 mM),

leupeptin (0.5 µg/mL), antipain (50 µg/mL), aprotinin (2

µg/mL), and 2 phenylmethylsulfonyl fluoride (PMSF, 2 mM). The

protein content of the lysates was determined using a
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bicinchoninic acid (BCA) colorimetric assay (Pierce, Rockford,

IL). Protein aliquots of 30 to 50 µg/sample containing 6X

sample loading buffer were loaded onto a 10-15% SDS-

polyacrylamide gel and separated by electrophoresis. Proteins

were transferred to a polyvinylidene dilfuoride membrane (Bio-

Rad, Hercules, CA). Membranes were blocked with 5% nonfat

milk in phosphate buffered saline/ 0.05% Tween (PBST).

Membranes were probed with antibodies to caspases-3, -8, -9,

or topoisomerase IIα (Cell Signaling, Danvers, MA),

topoisomerase IIβ (BD Biosciences, Franklin Lakes, NJ), PARP

(Trevigen, Inc., Gaithersburg, MD), β-actin (Sigma-Aldrich

Co., St. Louis, MO), or lamin A/C (Cell Signaling, Danvers, MA)

and then incubated with the appropriate secondary antibody

(Jackson ImmunoResearch, West Grove, PA). Proteins were

detected using Pierce Supersignal chemiluminescence substrate

(Pierce, Rockford, IL).

2.8. Cell cycle analyses

For cell cycle and mitotic index analyses, DU 145 human

prostate cancer cells were treated with subtoxic

concentrations of ethonafide for 24 h. Media and cells were

then collected and washed with cold PBS and fixed in 70% cold

ethanol and stored at -20°C for 48 to 72 h. For cell cycle
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analysis, cells were then pelleted at 700 x g for 20 min and

resuspended in 500 µL cold PBS. To each sample, 25 µL of 10

mg/mL RNAse A and 13 µL of 1.6 mg/mL propidium iodide (PI)

were added. Samples were then incubated at 37°C for 30 min

and fluorescence was detected using the BD FACScan flow

cytometer (San Jose, CA) and analyzed using Cell Quest

software (BD, San Jose, CA).

For mitotic index analysis, once cells were fixed in 70%

ethanol they were pelleted and resuspended in cold PBS and

incubated for 10 min at room temperature. Cells were then

resuspended in 100 µL of cold PBS and 10 µL of a phospho-

histone H3 (Ser10) monoclonal antibody conjugated to alexa

fluor 488 (Cell Signaling, Danvers, MA) was added to each

sample. Phosphorylation of the amino-terminus of histone H3

occurs in the late stages of G2 and extends through mitosis

making it a suitable marker for mitosis (Hendzel et al.,

1997). Samples were then incubated for 45 min at room

temperature in the dark. After the incubation, 1 mL cold PBS

was added to each sample and the samples were pelleted by

centrifugation. Cells were resuspended with 500 µL cold PBS.

To each sample, 25 µL of 10mg/mL RNAse A and 13 µL of 1.6

mg/mL PI were added. Samples were then incubated at 37°C for

30 min and fluorescence was detected as described above.
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2.9. Cellular localization

Cellular localization of ethonafide in the DU 145 human

prostate cancer cell lines was investigated using the method

described by Mayr et al. (Mayr et al., 1999). Briefly, 5 x

105 DU 145 human prostate cancer cells were seeded onto

sterilized glass coverslips and allowed to attach overnight.

The cells were then incubated with various concentrations of

ethonafide for varying time periods. Medium was removed and

cells were washed three times with PBS. Cells were fixed with

4% neutral buffered formalin for 10 min and were then washed

with PBS twice for 5 min each. The coverslips were inverted

onto glass microscope slides with fluorescent mounting media

(Vectashield, Burlingame, CA). Fluorescence was analyzed

using the PCM 2000 Nikon scanning laser microscope.

Ethonafide was visualized at an excitation/emission wavelength

of 488/520 nm, respectively. For the co-localization studies

with CMXRos, cells were incubated with 100 nM CMXROS for 30

min, washed with PBS and then incubated with ethonafide as

described above. CMXRos was visualized at an

excitation/emission wavelength of 579/599 nm, respectively.

Each image presented is representative of at least five fields

imaged for each sample.
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2.10.Topoisomerase II assay

The inhibition of topoisomerase II was determined using

the Topoisomerase II Assay kit (TopoGEN, Columbus, OH)

according to manufacturer’s instructions. Briefly, 10 x 106

DU-145 and PC-3 cells in the exponential growth phase were

collected by centrifugation at 400 x g for 10 min. Cells were

resuspended in ice cold TEMP buffer (10 mM Tris-HCl, pH 7.5, 1

mM EDTA, 4mM MgCl2, 0.5 mM PMSF) and centrifuged in a

microcentrifuge at 800 x g at 4°C for 5 min. Cells were then

resuspended in TEMP buffer and left on ice for 10 min. The

cell suspension was placed in a tight fitting homogenizer and

dounced for 8 to 10 strokes. The nuclei were pelleted using a

microcentrifuge at 6000 x g for 10 min at 4°C. The

supernatant was removed and the pellets were resuspended in

TEP buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5 mM PMSF).

An equal volume of 1 M NaCl was then added to each sample and

the samples were incubated on ice for 45 min. The samples

were subjected to ultracentrifugation at 100,000 x g for 1 h

at 4°C. The supernatant, which contained the soluble

nuclear proteins, was collected for the kDNA reaction. The

protein content of lysates was determined using a

bicinchoninic acid (BCA) colorimetric assay (Pierce, Rockford,

IL). For kDNA reaction, 1 µg nuclear extract was combined
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with 137 ng kDNA, ddH2O, assay buffer containing 0.5 M Tris-

HCl (pH 8.0), 1.20 M NaCl, 100 mM MgCl2, 5 mM dithiothreitol,

and 50 mM ATP, and compound of interest and incubated for 30

min at 37°C. For reactions with isolated enzymes, purified

topoisomerase IIα (TopoGEN) and recombinant topoisomerase IIβ

(gift from Omari J. Bandele and Neil Osheroff, Ph.D.,

Vanderbilt University) were titrated to allow for similar

activities, in terms of kDNA decatenation activity. Reaction

conditions were similar to the conditions used with nuclear

extracts. Reactions were stopped with loading buffer, and

incubated with 50 µg/mL proteinase K for an additional 15 min

at 37°C. The kDNA reactions were separated on a 1% agarose

gel at 45 V for 2 to 3 h. Gel was stained with ethidium

bromide and kDNA was visualized under UV light.

2.11.DNA-topoisomerase II cross-linking assay

Topoisomerase II-DNA cross-linking was measured according

to the method described by Nakamura et al (Nakamura et al.,

2002). Briefly, DU-145 cells in the exponential growth phase

were treated with ethonafide or 50 µM etoposide and incubated

for 1 h along with a vehicle control. Medium and cells were

collected by centrifugation at 400 x g for 10 min, and lysed

in 500 µL of TE (10 mM Tris-Hcl, pH 8.0, and 1 mM EDTA)
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containing 1% Sarkosyl. The lysate was then layered onto a

CsCl gradient. The gradient was created by layering 4

densities of CsCl (1.4 g/mL, 1.5 g/mL, 1.7 g/mL, and 1.8 g/mL)

at a volume of 600 µL each. The samples were subjected to

ultracentrifugation at 148,000 x g rpm for 20 h at 25°C.

Fractions of 200 µL were collected from the top and the DNA

concentration of each fraction was determined by reading the

absorbance at 260 nm. The DNA-containing fraction was

collected and incubated with 2 U of DNase I at 37°C for 1 h.

For each sample, an equal concentration of DNA was diluted to

150 µL with 25 mM sodium phosphate buffer (pH 6.5) and applied

to nitrocellulose membrane, presoaked for 30 min in 28 mM

sodium phosphate buffer (pH 6.5), using a dot-blot apparatus.

It is important to note that either 1 µg or 10 µg of DNA were

used when probing for topoisomerase IIα or topoisomerase IIβ,

respectively. The difference in the amount of DNA required

may be due to the fact that the DU 145 cell line over-

expresses topoisomerase IIα (van Brussel et al., 1999).

Therefore, a 10-fold higher concentration of DNA was required

to detect topoisomerase IIβ. The membrane was then blocked

with 5% nonfat dry milk in PBS-T (phosphate-buffered saline

and 0.05% Tween 20) for 1 h. The membrane was incubated with

a rabbit polyclonal antibody to topoisomerase IIα (Cell
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Signaling, Beverly, MA) or a mouse monoclonal antibody to

topoisomerase IIβ (BD Biosciences, Franklin Lakes, NJ)

overnight at 4°C and then incubated with the appropriate

secondary antibody (Jackson ImmunoResearch, West Grove, PA).

Proteins were detected using Pierce Supersignal

chemiluminescence substrate (Pierce, Rockford, IL).

2.12.Comet assay

Ethonafide-induced DNA double strand breaks were measured

by the neutral comet assay (CometAssay Kit, Trevigen,

Gaithersburg, MD). Briefly, DU 145 cells in the exponential

growth phase were treated with ethonafide or a vehicle-treated

control for 1 h. Cells and medium were collected and

centrifuged at 400 x g for 10 min. Cells were resuspended in

ice cold PBS at 1 x 105 cells/mL and 25 µL of the cell

suspension was added to 250 µL of 1% LMAgarose® (Trevigen) and

75 µL of the cell-agarose suspension was layered carefully

onto a slide. Slides were incubated at 4°C in the dark for 45

min. Slides were then immersed in ice cold Lysis Solution®

(Trevigen), containing 80 µg/mL proteinase K, for 1 h and were

then incubated at 37°C overnight in the same lysis buffer.

Slides were washed with ice cold 1X TBE (90 mM Tris-HCL, 90 mM

boric acid, and 2 mM EDTA, pH 8.0) for 2 h, followed by
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electrophoresis at 23 V for 20 min. Slides were then rinsed

with ddH2O and then placed in 70% ethanol for 5 min. The agar

slides were air dried in the dark and DNA was stained with

1:10,000 dilution of SYBR Green I (Trevigen) for 20 min and

washed twice for 5 min each with 1X TBE. DNA was visualized

using a Nikon PCM 2000 confocal microscope at an

excitation/emission wavelength of 494 nm/521 nm, respectively.

Approximately 50 cells were captured per sample and the comet

moment, which corresponds to the degree of DNA damage, was

quantitated using CometScore software (TriTek, Sumerduck, VA).

The formula for calculating the comet moment is as follows:

Σ0→n ((Intensity x Distance) / Total Intensity) (Kent et al.,

1995). The comet moment represents the mean ± SEM of 3

independent experiments with 50 cells measured per experiment.

2.13.Decrease of topoisomerase II expression in DU 145 cells

Topoisomerase IIα and β protein levels were knocked down

using RNAi technology from Open Biosystems (Huntsville, AL).

This process uses short hairpin RNA (shRNA) which is the

synthetic equivalent of microRNA (miRNA). The process by

which shRNA represses protein levels is as follows: shRNA is

processed by the enzymes Drosha and Dicer into small miRNA of

approximately 21 to 25 nucleotides long; a single strand of
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miRNA is then assembled into the RNA-induced silencing complex

(RISC), which then acts by translational repression of mRNA

cleavage (He and Hannon, 2004).

shRNA retroviral expression constructs targeted to

topoisomerase IIα (clone ID V2HS_94079) and topoisomerase IIβ

(clone ID V2HS_94089) were obtained as E. coli stocks (Open

Biosystems, Huntsville, AL). E. coli stocks were streaked on

Luria broth (LB) agar plates containing 50 µg/mL

chloramphenicol and incubated at 37°C overnight. Three

colonies were chosen from each plate and added to 6 mL LB

containing 50 µg/mL chloramphenicol and incubated at 37°C

overnight, while shaking at 300 rpm. The plasmid DNA was

purified using the QIAprep Miniprep kit (Qiagen, Valencia, CA)

and verified using restriction digests.

Restriction digests were conducted to verify the size of

the shRNA construct and vector. For restriction enzyme

digests, 1 µg plasmid DNA was combined with EcoR1 and Xho1,

and their corresponding buffers and incubated for

approximately 2 h. The digest was then incubated at 70°C for

20 min to stop the reaction. The digests were separated on a

2% agarose gel at 70 V for 2 h. The EcoR1/Xho1 digest will

release a 97-bp insert that corresponds to the shRNA



65

construct, and leave a 7-kb band that corresponds to the rest

of the plasmid.

To prepare the transfection complex mixture, 5 µg of the

plasmid DNA of the shRNA targeting topoisomerase IIα and β,

and the scrambled sequence control were combined with 25 µL of

Arrest-In® transfection reagent (Open Biosystems) and 1 mL

serum free DMEM media. The transfection complex mixture was

then incubated for 15 min at room temperature. The

transfection complex mixture was then added to approximately 5

x 105 NIH/3T3-based PT67 retroviral packaging cells (Clontech)

along with 4 mL serum free DMEM media. Cells were incubated

at 37°C for 4.5 h. After incubation period, an equal volume

of 20% BCS DMEM was added to each 100 mm plate to give a final

serum concentration of 10%. It should be noted that the

medium was free of penicillin and streptomycin. Transfected

PT67 cells were then selected with 2 µg/mL puromycin. The

supernatant from the PT67 cells was then transferred to DU 145

prostate cancer cells and incubated for approximately four

days. The infected DU 145 cancer cells were selected with 0.5

µg/mL puromycin. Once the DU 145 prostate cancer cells were

selected, they were grown in the presence of 0.5 µg/mL

puromycin to maintain selection pressure. Expression of

selected proteins was verified by immunoblot analysis.
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2.14.Cell proliferation

The proliferation rates of the wild-type and the

transfected DU 145 cell lines were determined by cell counting

and by measuring 3H-thymidine incorporation. For cell

counting, DU 145 cell lines were plated at 50,000 cells per

T25 flask. Cells were then subsequently counted daily for 5

days using a hemocytometer. Results represent the mean of

three independent experiments ± SEM.

For 3H-thymidine incorporation, the DU 145 cell lines were

plated in 96-well plates at 10,000, 5,000, and 1,000

cells/well which represented high, medium and low density

growth environments, respectively. After two days of growth,

cells were incubated with 1 µCi of 3H-thymidine/well for 4 h.

Cells were then lysed by being placed in a -80°C freezer for

at least two days. Plates were removed and thawed at 37°C for

2 h. Cells were harvested using a Packard FilterMate

Harvester (Downers Grove, IL, USA). Macromolecules were

transferred to a UniFilter-96 GF/C (Perkin Elmer, Boston, MA).

The filter was washed 12 times using dH2O and then allowed to

dry overnight. To each well, 30 µL of EcoLite scintillation

cocktail (VWR, West Chester, PA) was added and the filter

plate was counted using a Packard TopCount-NXT (Downers Grove,

IL). Data is presented as percent control, with control being
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the wild-type non-transfected DU 145 cell line. Data

represents mean of two independent experiments ± SEM.

2.15.Statistical analysis

Statistical analysis was performed using a one-way ANOVA

with a Student-Newman-Keuls multiple comparisons test. A

probability (p) level of at least < 0.05 was considered

statistically significant.
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3. CHAPTER

RESULTS

3.1. Cytotoxicity of ethonafide in prostate cell lines in

vitro

In vitro anticancer activity of ethonafide was evaluated

in three human prostate cancer cell lines and also in normal

prostate epithelial cells by MTT analysis. Ethonafide is

cytotoxic in the nanomolar range and its cytotoxicity is

dependent on continuous exposure in all three cancer cell

lines (Figures 3.1, 3.2, 3.3). The androgen-insensitive DU

145 human prostate cancer cell line was the most sensitive to

ethonafide and the androgen-sensitive LNCaP human prostate

cancer cell line was the most resistant. The cytotoxicity of

ethonafide in the DU 145 cell line was the least schedule

dependent, whereas, the LNCaP cell line was the most schedule

dependent (Table 3.1). Therefore, the longer the exposure to

ethonafide, the greater the degree of cytotoxicity, especially

in the LNCaP cell line.

To determine if cancer cell lines were more sensitive to

ethonafide compared to normal cells, we investigated

ethonafide cytotoxicity in normal human prostate epithelial

cells (PReC). Figure 3.4 compares the cytotoxicity of

ethonafide in the normal epithelial cells compared to the DU
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145 cancer cell line. The 3-day IC50 of ethonafide in the

normal cells is about 7-fold greater compared to the DU 145

human prostate cancer cell line. For the PReC cell line, the

mesylate salt of ethonafide was used to abrogate the toxicity

observed with the DMSO vehicle, which is used for the free

base of ethonafide. The data suggest that ethonafide is more

cytotoxic in transformed cells compared to normal cells.

Figure 3.1 MTT cytotoxicity analysis of ethonafide in the DU
145 human prostate cancer cell line. Percent of control
growth is determined in comparison to vehicle-treated cells.
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Figure 3.2 MTT cytotoxicity analysis of ethonafide in the PC-3 
human prostate cancer cell line. Percent of control growth is
determined in comparison to vehicle-treated cells.

Figure 3.3 MTT cytotoxicity analysis of ethonafide in the
LNCaP human prostate cancer cell line. Percent of control
growth is determined in comparison to vehicle-treated cells.
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Table 3.1 Area under the curve values (AUC) for ethonafide in
three human prostate cancer cell lines.

Days DU 145 PC-3 LNCaP
1 5.4 52.8 240.0
2 3.3 20.6 13.4
3 2.9 6.2 7.1
5 1.9 3.4 3.1

The AUC was determined by the following equation = IC50 * time
(hours).

Figure 3.4 A 3-day cytotoxicity curve of the mesylate salt of
ethonafide in the DU 145 human prostate cancer cell line and
in the PReC normal human prostate epithelial cells as measured
by MTT analysis. Percent of control growth is determined in
comparison to vehicle-treated cells.
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3.2. In vivo antitumor activity of ethonafide in a tumor

regression model

The antitumor activity of ethonafide was examined using a

xenograft tumor regression model in DU 145 prostate cancer

bearing SCID mice. Once the average tumor volume in all

groups reached approximately 60 mm3, mice were administered

sterile saline, 0.75 mg/kg or 1.5 mg/kg ethonafide, or 0.45

mg/kg mitoxantrone every four days for a total of three doses.

As shown in Figure 3.5, the 1.5 mg/kg dose of ethonafide had a

large antitumor effect compared to the vehicle-treated group.

The 0.75 mg/kg dose of ethonafide had a similar antitumor

effect compared to the 0.45 mg/kg dose of mitoxantrone. Once

the vehicle-treated groups reached median tumors of

approximately 750 mm3, the T/C values were calculated and

determined to be 64%, 32%, and 61% for the low dose

ethonafide, high dose ethonafide, and mitoxantrone groups,

respectively (Table 3.2). Both low dose ethonafide and

mitoxantrone delayed tumor growth by 10 days compared to the

vehicle-treated group, however, the low dose ethonafide-

treated group had 100% (8/8) survival compared to the 37.5%

(3/8) survival in the mitoxantrone-treated group (Figure 3.6).

The tumor growth delay in the high dose ethonafide-treated

group was 7 days greater than the mitoxantrone group, however,
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the survival was similar to the mitoxantrone-treated group.

All groups lost weight, with the high dose ethonafide and

mitoxantrone groups losing considerable weight during the

course of the study (Figure 3.7). Ethonafide was more

effective at inhibiting tumor growth and was better tolerated

in comparison to mitoxantrone.

Figure 3.5 Tumor regression study in DU 145 xenograft bearing
SCID mice. The arrows indicate the dosing schedule.
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Table 3.2 Tumor regression analysis.

Tumor
Growth

Inhibition
(%)

Tumor
Growth
Delay
(Days)

Tumor
Doubling
(Days)

Tumor
Cell Kill

Vehicle 100 0 5 --

64 10 10 2.10.75 mg/kg
ethonafide
1.5 mg/kg

ethonafide
0.45 mg/kg

mitoxantrone

32

61

17

10

14

10

2.3

2.0

Analysis of DU 145 tumor growth in SCID mice by NCI criteria.
The Tumor Growth Inhibition ((Treated/Control) x 100) value
was calculated once the median tumor size reached 750 mm3.
According to NCI standards, a T/C ≤ 42% defines an active
compound and a T/C ≤ 10% defines a highly active agent. The
Tumor Growth Delay (T-C) value is based on the median time (in
days) for tumors in all groups to reach 750 mm3. The third
parameter is the Tumor-Doubling Time (Td) that is calculated
from the best fit straight line of a log linear growth plot.
Lastly, the calculation of Tumor Cell Kill (Log10 cell kill) is
determined by the following equation Log10 cell kill = (T-
C)/(3.32 x Td).
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Figure 3.6 The percent survival of vehicle, low and high dose
ethonafide, and mitoxantrone-treated mice after initiation of
treatment. Arrow indicates initiation of treatment.

Figure 3.7 Weights of mice in vehicle, low and high dose
ethonafide, and mitoxantrone-treated mice after initiation of
treatment.



76

3.3. In vivo toxicity

The toxicologic effects of ethonafide were investigated

in vivo. Male C57BL/6 mice received ethonafide following the

same schedule used for the tumor regression study. The

toxicity of ethonafide was compared to that of mitoxantrone,

which was administered following the same dosing schedule of

ethonafide.

The survival of each treatment group was similar to that

of the control group, however, the percent survival was

slightly lower in the 2.0 mg/kg ethonafide group (Table 3.3).

This may not be due to the toxic effects of ethonafide,

because the mouse body weights were comparable to that of the

control group. The only substantial toxicities were

hematologic and involved the WBCs (Table 3.4). At day 10 (1

day after final drug treatment), both drugs decreased the

total WBCs. The 1.5 mg/kg dose of ethonafide did not

significantly suppress the WBCs. However, the 2.0 mg/kg

ethonafide reduced WBCs by approximately half, compared to the

vehicle-treated group. Both doses of mitoxantrone

significantly reduced WBCs by half, compared to the vehicle-

treated group. At day 12 (3 days after final drug treatment),

the WBC counts for both drugs were similar to control levels.

Both doses of ethonafide did lead to a rebound over control
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levels. Only the WBCs in the 1.5 mg/kg ethonafide-treated

mice were significantly higher than the vehicle-treated group.

The lymphocytes comprise the largest component of total WBCs,

and were, therefore, the most effected by ethonafide and

mitoxantrone (Table 3.5). Unlike the WBCs, the RBCs and the

platelet counts were not altered significantly in any drug-

treated groups, compared to the vehicle-treated group (Table

3.6). 

Neither agent significantly affected hepatic and renal

function as measured by alanine transaminase (ALT) and blood

urea nitrogen (BUN) plasma levels, respectively (Table 3.7).

The BUN levels measured at day 12 of all four drug-treated

groups were lower than control levels but were still within

the normal range for BUN in mice. The high levels of ALT in

the day 10 groups may be due to hemolysis in the plasma

samples.
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Table 3.3 Mouse survival and weights by group.

The weights of the mice were determined on the final day of
drug administration. The mean starting weights of all groups
were 21.5 to 22.5 grams.

Table 3.4 Total WBC counts after administration of ethonafide
or mitoxantrone.

Normal range for WBC counts is 1.8 to 10.7 x 103/µL. p-values
were determined by comparison of treatment groups to control
group and analysis by ANOVA with a Student-Newman-Keuls
multiple comparisons test. a p < 0.05; b p < 0.01; c p < 0.001.

Survival/ Total (%)
Group Dose

(mg/kg) Day 10 Day 12

Weights
(g)

Control --- 6/8 (75%) 7/8 (88%) 24.7

Ethonafide 1.5 7/8 (88%) 7/8 (88%) 24.6

Ethonafide 2.0 4/8 (50%) 5/8 (63%) 25.5

Mitoxantrone 1.0 6/8 (75%) 5/8 (63%) 24.8

Mitoxantrone 1.5 6/8 (75%) 7/8 (88%) 23.4

WBCs (x 103/µL)

Mean ± SEM

Group Dose (mg/kg) Day 10 Day 12

Control --- 7.37 ± 0.78 8.56 ± 0.59

Ethonafide 1.5 6.05 ± 0.88 12.3 ± 0.68c

Ethonafide 2.0 4.32 ± 0.84a 10.24 ± 0.50

Mitoxantrone 1.0 3.18 ± 0.34b 8.36 ± 0.71

Mitoxantrone 1.5 4.19 ± 0.21a 7.14 ± 0.45
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Table 3.5 Absolute lymphocyte counts following administration
of ethonafide or mitoxantrone.

Normal range for lymphocyte counts is 1.0 to 9.8 x 103/µL.
p-values were determined by comparison of treatment groups to
control group and analysis by ANOVA with a Student-Newman-
Keuls multiple comparisons test. a p < 0.05; b p < 0.01; c p <
0.001.

Lymphocytes (x 103/µL)
Mean ± SEM

Group Dose (mg/kg) Day 10 Day 12

Control -- 4.88 ± 0.83 7.01 ± 0.38

Ethonafide 1.5 3.89 ± 0.11 9.76 ± 0.44c

Ethonafide 2.0 1.97 ± 0.70b 8.22 ± 0.52

Mitoxantrone 1.0 2.12 ± 0.25b 6.42 ± 0.53

Mitoxantrone 1.5 3.14 ± 0.15a 5.19 ± 0.27a
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Table 3.6 RBCs after administration of ethonafide or
mitoxantrone.

RBCs
(x 106/µL)

Platelets
(x 105/µL)

Group
Dose

(mg/kg)
Day

Mean ± SEM

Control --- 10 8.34 ± 1.14 797.5 ± 97.7

Ethon 1.5 10 9.45 ± 0.27 870.4 ± 43.8

Ethon 2.0 10 9.92 ± 0.12 988.3 ± 108.2

Mitox 1.0 10 9.62 ± 0.29 903.8 ± 83.3

Mitox 1.5 10 8.97 ± 0.42 1,023.3 ± 78.9

Control --- 12 6.85 ± 0.56 788.9 ± 70.1

Ethon 1.5 12 6.81 ± 0.34 780.1 ± 25.9

Ethon 2.0 12 6.63 ± 0.23 802.2 ± 28.8

Mitox 1.0 12 6.64 ± 0.27 925.8 ± 46.8

Mitox 1.5 12 5.77 ± 0.20 897.9 ± 26.9

Normal range for RBC counts is 6.4 to 9.4 x 106/µL and for
platelets it is 592 to 2972 x105/µL. p-values were determined
by comparison of treatment groups to control group and
analysis by ANOVA with a Student-Newman-Keuls multiple
comparisons test. a p < 0.05; b p < 0.01; c p < 0.001.
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Table 3.7 BUN and ALT levels in mice after administration of
ethonafide or mitoxantrone.

Normal range for plasma BUN levels is 8 to 33 mg/dL and for
plasma ALT levels it is 17 to 77 U/L. p-values were
determined by comparison of treatment groups to control group
and analysis by ANOVA with a Student-Newman-Keuls multiple
comparisons test. a p < 0.05; b p < 0.01; c p < 0.001.

BUN
(mg/dL)

ALT
(U/L)

Drug
Dose

(mg/kg)
Day Mean ± SEM

Control --- 10 19.23 ± 2.01 97.7 ± 46.0

Ethon 1.5 10 16.25 ± 0.91 94.8 ± 14.3

Ethon 2.0 10 17.72 ± 1.13 129.7 ± 46.2

Mitox 1.0 10 20.36 ± 1.89 69.2 ± 18.7

Mitox 1.5 10 15.91 ± 0.82 114.9 ± 66.8

Control --- 12 18.95 ± 1.17 26.4 ± 2.42

Ethon 1.5 12 11.2 ± 0.14c 41.2 ± 5.34

Ethon 2.0 12 11.2 ± 0.14c 34.7 ± 6.30

Mitox 1.0 12 11.1 ± 0.19c 22.8 ± 2.80

Mitox 1.5 12 11.5 ± 0.14c 45.9 ± 9.32
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3.4. Effect of ethonafide on cell death and the cell cycle

3.4.1. Ethonafide-induced apoptosis

To determine if ethonafide cytotoxicity in the DU 145

human prostate cancer cell line involved classic apoptotic

pathways, we used immunoblot analysis to examine procaspases

-8, -9, and -3, and PARP cleavage. DU 145 cells were treated

with increasing concentrations of ethonafide for 24 h.

Treatment with ethonafide led to cleavage of procaspases -3,-

8, and -9, and PARP (Figure 3.8). We observed procaspase

cleavage at concentrations as low as 0.1 µM ethonafide. The

procaspase and PARP cleavage at 0.5 µM ethonafide was similar

to that observed with 20 µM etoposide.
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Figure 3.8 Induction of procaspase and PARP cleavage by
ethonafide after a 24 h treatment of the DU 145 prostate
cancer cell line. Cleavage of apoptotic proteins was detected
by immunoblot analysis.
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3.4.2. Ethonafide-induced cell cycle arrest

Investigation of the cell cycle effects of ethonafide

would provide further insight into the mechanism of action of

this agent. To investigate the cell cycle effects of

ethonafide, the DU 145 human prostate cancer cell line was

incubated with subtoxic concentrations of ethonafide for 24 h.

Cells were then stained with PI and the DNA content in each

treatment group was measured. The DNA content in each

population corresponds to the percentage of cells in each

phase of the cell cycle. Ethonafide treatment of the DU 145

human prostate cancer cell line led to a pronounced dose-

dependent arrest in the G2/M phase of the cell cycle (Figure

3.9A). Incubation with 40 nM ethonafide increased the

percentage of cells in the G2/M phase from approximately 25%

to 80% (Figure 3.9B).
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Figure 3.9 Induction of G2/M cell cycle arrest by ethonafide.
DU 145 cells were treated with ethonafide for 24 h. DNA was
stained with PI and analyzed by flow cytometry. A) Histogram
of DNA content of vehicle and ethonafide-treated cells. The
phase of the cell cycle that corresponds to each region on the
histogram is illustrated by arrows. B) Graphical
representation of percent of cells in the G2/M phase of the
cell cycle. p-values were determined by comparison of
treatment groups to control group and analysis by ANOVA with a
Student-Newman-Keuls multiple comparisons test. * p < 0.05; **

p < 0.001.
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To differentiate between the population of cells in the

G2 and M phases of the cell cycle, DU 145 cells were also

incubated with a phospho-histone H3 (Ser10) monoclonal

antibody conjugated to alexa fluor 488. Phosphorylation of

histone H3 is a mitosis-specific event, which allowed us to

determine if the increase in the G2/M phase of the cell cycle

is due to an increase in G2 or M. Ethonafide treatment of DU

145 cells led to a large increase in the percentage of cells

in G2 and a small increase in the M phase (Figure 3.10). DU

145 cells treated with 40 nM ethonafide for 24 h increased in

G2 phase from 28% to 70% and increased in M phase from 3% to

7%. Treatment of DU 145 cells with 0.01 µg/mL of the

microtubule inhibiting agent demecolcine, led to an increase

of cells in M phase to 8% of the gated population without

altering the G2 phase of the cell cycle. Treatment with 0.02

µg/mL demecolcine increased the population of cells to 57% and

26% for the G2 and M phases, respectively. The data suggest

that ethonafide causes pronounced cell cycle arrest in the G2

phase of the cell cycle with very little effect on the

distribution of cells in M phase.
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Figure 3.10 Induction of G2 cell cycle arrest by ethonafide.
DU 145 prostate cancer cells were incubated with subtoxic
concentrations of ethonafide or demecolcine for 24 h. Cells
were harvested and stained with an antibody to phospho-histone
H3 (Ser10) conjugated to alexa fluor 488 and PI and analyzed
by flow cytometry. The graph represents the mean ± SEM of
three independent experiments. Significance was determined by
comparison of treatment groups to control group and analysis
by ANOVA with a Student-Newman-Keuls multiple comparisons
test. *p < 0.05; **p < 0.01; ***p < 0.001.
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3.4.3. Cellular localization of ethonafide

Compared to other azonafide analogs and anthracyclines,

ethonafide does not predominantly localize to the nucleus

(Mayr et al., 1997; Davies et al., 1996; de Lange et al.,

1992). This localization pattern was first observed in CHO

cells (Mayr et al., 1997). We wished to determine if

ethonafide was localizing in an intracellular organelle and if

this localization contributed to ethonafide’s anticancer

activity. We first examined whether the cytoplasmic

localization pattern of ethonafide is evident in the DU 145

human prostate cancer cell line. We examined the localization

of ethonafide at different concentrations after a 1 h

incubation. Based on the data, the cytoplasmic localization

of ethonafide is evident over the three log range of

concentrations tested (0.1 µM to 10 µM) (Figure 3.11). It

should be noted that the intensity was lowered to allow for

proper investigation of the localization pattern in the

cytoplasm. However, the punctuate pattern previously

described in the CHO cells becomes more evident as the

concentrations are increased. We chose the 0.5 µM

concentration of ethonafide and examined its localization over

time. Even at 15 min, ethonafide can be visualized in the

cytoplasm and nucleus of the DU 145 cells (Figure 3.12). The
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ratio of drug in the cytoplasm and nucleus does not appear to

drastically change over time. The punctuate pattern becomes

more evident over time. Based on the data, the punctate

pattern may be drug aggregates or the accumulation of the drug

in an unidentified intracellular vesicle.

We investigated whether ethonafide localized to the

mitochondria by determining if ethonafide colocalized with the

lipophilic cationic dye CMXRos, which concentrates in the

mitochondria. By examining the pattern of ethonafide in the

cytoplasm, ethonafide appears to be dispersed in an irregular

and granular pattern (Figure 3.13). The pattern of CMXRos

localization is more concentrated and it is evident that it is

concentrated in an intracellular structure. By comparing the

localization pattern of ethonafide and CMXRos we concluded

that it does not appear that ethonafide co-localizes with

CMXRos in the mitochondria. Thus, the intracyoplasmic

localization site for ethonafide is not the mitochondria.
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Figure 3.11 Localization of ethonafide over several
concentrations in the DU 145 prostate cancer cell line. DU
145 cells were treated with ethonafide for 1 h. Cells were
then fixed and fluorescence was visualized using the PCM 2000
Nikon scanning laser microscope.
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Figure 3.12 Localization of ethonafide over time in the DU 145
prostate cancer cell line. DU 145 cells were treated with 0.5
µM ethonafide for various time periods. Cells were then fixed
and fluorescence was visualized using the PCM 2000 Nikon
scanning laser microscope.
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Figure 3.13 Localization of ethonafide and CMXRos in the DU
145 prostate cancer cell line. DU 145 cells were treated with
CMXRos, ethonafide, or both agents. Cells were treated with
100nM CMXRos for 30 min and 0.5 µM ethonafide for 1 h. Cells
were then fixed and fluorescence was visualized using the PCM
2000 Nikon scanning laser microscope. Green represents
ethonafide alone; red represents CMXRos alone; and yellow
represents the colocalization of both agents.
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3.5. Inhibition of topoisomerase II activity

3.5.1. Inhibition of topoisomerase II activity in human

prostate cancer cell lines

For clarification, for assays involving topoisomerase II

activity and inhibition, the term in vitro refers to a cell-

free assay, whereas, in vivo refers to assays involving

treatment of live cells. The inhibition of topoisomerase II

activity by ethonafide was determined in the DU 145 and PC-3

human prostate cancer cell lines. The nuclear extracts of

untreated human prostate cancer cells were combined with

catenated kinetoplast DNA (kDNA) to measure the degree of

topoisomerase II-induced decatenation in the presence and

absence of ethonafide. The topoisomerase II activity of 1 µg

nuclear extract from the DU 145 and PC-3 cancer cell lines

almost completely decatenated kDNA in 30 min at 37°C. In the

presence of increasing concentrations of ethonafide, the

topoisomerase II activity in the nuclear extracts is

inhibited. Ethonafide began inhibiting topoisomerase II

activity at concentrations of approximately 2.5 µM and led to

complete inhibition at 10 µM, the 24-hour IC90 of ethonafide in

the DU 145 and PC-3 human prostate cancer cell lines (Figures

3.14 & 3.15, respectively). Etoposide and mitoxantrone were

used as positive controls. Etoposide did not completely
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inhibit topoisomerase II activity, even at 100 µM. However,

mitoxantrone, completely inhibited topoisomerase II activity

at 1 µM. It should be noted that this assay does not identify

the manner in which ethonafide is inhibiting topoisomerase II

activity. In addition, because the topoisomerase II

decatenation assay is a cell-free assay, the ability of

ethonafide to interact with topoisomerase II intracellularly

will need to be demonstrated.
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1. Catenated kDNA
2. No DMSO (decatenated

kDNA)
3. DMSO
4. Etoposide 1 µM
5. Etoposide 10 µM
6. Etoposide 100 µM
7. Mitoxantrone 0.1 µM
8. Mitoxantrone 1 µM

9. Mitoxantrone 10 µM
10. Ethonafide 10 µM, no

nuclear extract
11. Ethonafide 0.1 µM
12. Ethonafide 1 µM
13. Ethonafide 2.5 µM
14. Ethonafide 5 µM
15. Ethonafide 7.5 µM
16. Ethonafide 10 µM

Figure 3.14 Ethonafide-induced inhibition of topoisomerase II
activity in DU 145 nuclear extracts. For the topoisomerase II
decatenation assay, nuclear extracts from the DU 145 human
prostate cancer cell line were combined with catenated kDNA
and kDNA was separated on a 1% agarose gel. A shift from
decatenated/relaxed kDNA to catenated kDNA in the presence of
nuclear extract and ethonafide demonstrates an inhibition of
topoisomerase II activity.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
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1. Catenated kDNA
2. No DMSO (decatenated

kDNA)
3. DMSO
4. Etoposide 1 µM
5. Etoposide 10 µM
6. Etoposide 100 µM
7. Mitoxantrone 0.1 µM
8. Mitoxantrone 1 µM
9. Mitoxantrone 10 µM

10. Ethonafide 10 µM, no
nuclear extract

11. Ethonafide 0.1 µM
12. Ethonafide 1 µM
13. Ethonafide 2.5 µM
14. Ethonafide 5 µM
15. Ethonafide 7.5 µM
16. Ethonafide 10 µM

Figure 3.15 Ethonafide-induced inhibition of topoisomerase II
activity in PC-3 nuclear extracts. For the topoisomerase II
decatenation assay, nuclear extracts from the PC-3 human
prostate cancer cell line were combined with catenated kDNA
and kDNA was separated on a 1% agarose gel. A shift from
decatenated/relaxed kDNA to catenated kDNA in the presence of
nuclear extract and ethonafide demonstrates an inhibition of
topoisomerase II activity.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16



98

3.5.2. Inhibition of topoisomerase II activity is by

stabilization of the cleavable complex

As shown in Figures 3.14 and 3.15, ethonafide inhibited

topoisomerase II activity in nuclear extracts from two human

prostate cancer cell lines. To investigate the in vivo

interaction between ethonafide and topoisomerase II, we

investigated whether ethonafide stabilized the cleavable

complex in the DU 145 human prostate cancer cell line. To

determine this, after DU 145 human prostate cancer cells were

pre-treated with ethonafide for 1 h, DNA was isolated by CsCl

density gradient, and probed for DNA-associated topoisomerase

IIα and β. The method of cell lysis and the separation of DNA

using a cesium chloride gradient allows for identification of

covalently bound protein-DNA complexes. As demonstrated in

Figure 3.16, increasing concentrations of ethonafide led to

increased association of both topoisomerase II isoforms with

DNA. The stabilization of the cleavable complex is similar to

that of the topoisomerase II poison etoposide, which was used

as a positive control. Although both topoisomerase II

isoforms were involved in the formation of the cleavable

complex, it is unclear which isoform is necessary for

ethonafide-mediated cytotoxicity.
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Figure 3.16 Stabilization of the cleavable complex by
ethonafide. For identification of the cleavable complex, DNA
was extracted from ethonafide-treated DU 145 cells. Once the
DNA was applied to nitrocellulose, using a dot-blot apparatus,
it was probed for DNA-associated topoisomerase IIα and β. The
presence of either isoform of topoisomerase II indicates that
the enzyme was covalently bound to DNA. One and 10 µg DNA
were used for either topoisomerase IIα or β, respectively.
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3.5.3. Ethonafide-induced DNA DSBs

With topoisomerase II poisons, stabilization of the

cleavable complex leads to generation of DNA DSBs. Using the

neutral comet assay, we investigated the generation of DNA

DSBs by ethonafide in the DU 145 human prostate cancer cell

line. The neutral comet assay is a more specific measure of

DSBs as opposed to single strand breaks and other forms of DNA

damage. The DU 145 cells were incubated with ethonafide for 1

h and were then assayed for DNA damage. A 1 h incubation was

chosen to reduce the DNA cleavage seen from apoptosis. As the

concentrations of ethonafide were increased, the generation of

DNA DSBs also increased as evidenced by the increasing length

of the “comet” (Figure 3.17A). The comet moment was

calculated in order to measure the degree of DNA damage

(Figure 3.17B). This analysis shows a proportional increase

in the comet moment with increasing drug concentrations

(Figure 3.17B). Importantly, a strong relationship was seen

with the concentrations of ethonafide required to induce DNA

DSBs and those required for topoisomerase II inhibition and

stabilization of the cleavable complex.
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Figure 3.17 Induction of DNA DSBs by ethonafide. A) DNA DSBs
breaks were measured by neutral comet assay and B) quantitated
by calculating the comet moment. DU 145 prostate cancer cells
were incubated with ethonafide for 1 h followed by single cell
electrophoresis and fluorescent imaging. An increase in comet
moment correlates to an increase in DNA damage. Each point
represents the mean ± SEM of three independent experiments
consisting of 50 images per experiment.
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3.5.4. Ethonafide-mediated inhibition of both isoforms of

topoisomerase II

The specificity of topoisomerase II poisons may depend on

several factors, including enzyme affinity and different

repair rates for the two topoisomerase II isoforms. We

initially examined the affinity of ethonafide for each isoform

by investigating the ability of ethonafide to inhibit enzyme

activity using the topoisomerase II kDNA decatenation assay.

Instead of using nuclear extracts, as previously described,

purified topoisomerase IIα and recombinant topoisomerase IIβ

were combined with kDNA. Each enzyme was titrated based on

activity to ensure that both enzymes had similar activities in

terms of decatenation of the kDNA. Ethonafide inhibited the

topoisomerase II activity of both isoforms (Figure 3.18). The

concentrations required for inhibition of topoisomerase II

were similar for both isoforms and were also similar to the

concentrations required to inhibit topoisomerase II activity

in nuclear extracts. According to the data, ethonafide

appears to have similar affinity for both isoforms of

topoisomerase II.
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Topoisomerase IIα Topoisomerase IIβ

Figure 3.18 Inhibition of topoisomerase IIα and β activity by
ethonafide. For the topoisomerase II decatenation assay,
purified topoisomerase IIα and recombinant topoisomerase IIβ
were combined with catenated kDNA and kDNA was separated on a
1% agarose gel. A shift from decatenated/relaxed kDNA to
catenated kDNA in the presence of topoisomerase II and
ethonafide demonstrates an inhibition of topoisomerase II
activity.
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3.5.5. Ethonafide-induced cytotoxicity in the wild-type and

shRNA-transfected DU 145 cancer cell lines

To investigate the intracellular isoform-specificity of

ethonafide, stable DU 145 cell lines were created with

decreased expressions of topoisomerase IIα (shTIIα) and β

(shTIIβ) proteins using shRNA. In addition, a DU 145 cell

line was transfected with a scramble control shRNA, referred

to as the scramble control, to account for the non-specific

effects of the transfection and selection process. As

demonstrated by immunoblot analysis of topoisomerase II

protein expression, the α and β isoforms were decreased using

shRNA for topoisomerase IIα and β, respectively (Figure 3.19).

A decreased in topoisomerase IIα expression also corresponded

to a decrease in topoisomerase II activity as measured by the

topoisomerase II assay (Figure 3.20). The activity of the

enzyme in the nuclear extract from the shTIIβ cell line was

similar to controls. This may be due to the fact that these

cells contain very high basal levels of topoisomerase IIα and

that may be sufficient to decatenate the kDNA in the reaction

(van Brussel et al., 1999).
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A

B

Figure 3.19 A) Immunoblot analysis of topoisomerase IIα and β
in DU 145 human prostate cancer cells. The wild-type DU 145
cell line is the nontransfected control cell line. The
scramble control represents the control transfection of a
nonspecific shRNA. The shTIIα cell line is presented as
Alpha- and the shTIIβ cell line is presented as Beta-. B)
Graphical representation of the pixel densities of the
topoisomerase IIα and β protein bands normalized to lamin A/C.
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Figure 3.20 Topoisomerase II activity in the wild-type and
shRNA-transfected DU 145 cancer cell lines. For the
topoisomerase II decatenaton assay, 1 µg nuclear extracts from
DU 145 wild-type, scramble, and topoisomerase IIα and β
knockdown cell lines were combined with catenated kDNA and
kDNA was separated on a 1% agarose gel. A shift from
decatenated/relaxed kDNA to catenated kDNA in the presence of
topoisomerase II and ethonafide demonstrates an inhibition of
topoisomerase II activity.

Because the growth rate of a cell line may affect its

sensitivity to anticancer agents, we characterized the growth

rates of the wild-type and transfected DU 145 cell lines. A

growth curve was created by counting cells over time (Figure

3.21). The cell doubling times for the wild-type, scramble

control, shTIIα and shTIIβ cell lines were 31, 31, 41, and 48

h, respectively.
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Figure 3.21 Growth curves for the wild-type and shRNA-
transfected DU 145 cancer cell lines. Cells were seeded at
50,000 cells per flask and counted daily for five days.

In addition to cell doubling, we also measured 3H-

thymidine incorporation, a rough estimate of DNA synthesis

rates, after a 4 h incubation with the radionuclide (Figure

3.22). According to the 3H-thymidine incorporation study, the

scramble control and shTIIα cell lines incorporated 3H-

thymidine at approximately 80% of wild-type cells at medium

and high cell densities. The shTIIβ cell line incorporated

3H-thymidine at 60 to 70% of wild-type cells for medium and

high cell densities, respectively. Interestingly, all three

transfected cell lines incorporated 3H-thymidine at much lower
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rates at lower cell densities. Due to the differences in

growth rates, cell densities were adjusted for each cell line

to allow for similar final cell counts at the termination of

each experiment.

Figure 3.22 3H-thymidine incorporation assay. 100% control
represents the incorporation of 3H-thymidine in the wild-type
DU 145 prostate cancer cell line. Cells were plated at
10,000, 5,000, or 1,000 cells/well which represented high,
medium, and low density growth environments. Cells were grown
for two days and were then incubated for 4 h with 1 µCi of 3H-
thymidine/well.
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The cytotoxic activity of ethonafide was investigated in

the wild-type and transfected DU 145 cell lines. The

cytotoxicity was established for a 1- and 3-day exposure by

MTT analysis. By determining the cytotoxicity of each agent

after a 1- and 3-day exposure, we were able to determine if

the relative sensitivity of each cell line to each agent

changed over time. Figure 3.23 is a cytotoxicity curve of

ethonafide after a 1-day exposure in the DU 145 cell lines.

The IC50s for ethonafide in the wild-type, scramble control,

shTIIα and shTIIβ cell lines were 0.174, 0.161, 2.57, 0.187

µM, respectively (Table 3.8). The analysis showed that the

decrease of topoisomerase IIα expression rendered the DU 145

cell line approximately 15-fold less sensitive to ethonafide,

compared to the other three DU 145 cell lines. When comparing

the 3-day IC50 of ethonafide in the four DU 145 cell lines, the

shTIIα cell line was approximately 3.8-fold resistant compared

to the control cell lines. The shTIIβ cell line was

approximately 1.7-fold resistant to the control cells.



110

1E-3 0.01 0.1 1 10
0

20

40

60

80

100

120

%
C

o
n

tr
o

lG
ro

w
th

Ethonafide (µM)

Wild-type
Scramble
Alpha
Beta

Figure 3.23 A 1-day cytotoxicity analysis of ethonafide in the
wild-type and shRNA-transfected DU 145 cancer cell lines as
measured by MTT.

To ensure that the shTIIα cell line was not generically

resistant to most anti-cancer agents and to establish a more

extensive phenotype, the cytotoxicities of several anticancer

agents were examined in all four cell lines (Table 3.8).

Importantly, the cytotoxicity pattern of the topoisomerase

IIβ-specific topoisomerase II poison XK469 was investigated in

the DU 145 cell lines. The agent is not very potent and

therefore only a 3-day cytotoxicity curve was established.

The shTIIβ cell line is approximately 5.5-fold less sensitive
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to XK469 compared to the control cell lines. The shTIIα cell

line is approximately 2.4-fold less sensitive. Therefore, the

decrease of topoisomerase IIβ expression does render the DU

145 cell line more resistant to XK469 compared to the other

cell lines. The shTIIα cell line was also resistant to both

mitoxantrone and etoposide. The shTIIβ cell line was also

resistant to mitoxantrone and etoposide at a 3-day exposure.

The shTIIα cell line was slightly resistant to the

topoisomerase I inhibitor topotecan. Previous studies have

described topoisomerase II resistant cell lines being slightly

resistant to topoisomerase I inhibitors (Mistry et al., 2002;

Hu et al., 2004). Interestingly, the shTIIβ cell line was

more sensitive to topotecan compared to the control cell

lines. This may be related to a possible role of

topoisomerase IIβ in DNA replication and repair. The

microtubule stabilizing agent docetaxel was equally sensitive

in all four cell lines. In general, all four cell lines were

equally sensitive to non-schedule dependent DNA-damaging

agents. However, cisplatin was less cytotoxic in the shTIIα

and shTIIβ cell lines after a 3-day exposure to the agents.

Cisplatin has been reported to also have topoisomerase II

inhibitory activity which may explain the slight resistance

seen at a 3-day exposure (Cantero et al., 2006). All four
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cell lines were equally sensitive to the alkylating agent

melphalan at both 1- and 3-day exposures. Based on the data

from the cytotoxicity analyses, it is evident that the shTIIα

and shTIIβ cell lines can discriminate between topoisomerase

II poisons and other anticancer agents making this a reliable

model for investigating topoisomerase II isoform-specificity.
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3.5.6. Ethonafide-induced DNA damage in the wild-type and

shRNA-transfected DU 145 cell lines

We hypothesized that the decrease in sensitivity of the

shTIIα cell line to ethonafide was due to an overall decrease

in DNA damage. We, therefore, measured the degree of DNA

damage induced by ethonafide in all four DU 145 cancer cell

lines. By calculating the comet moment, it was evident that

ethonafide induced the least amount of DNA damage in the

shTIIα cell line (Figure 3.24). Also, by removing ethonafide

and incubating the cell lines with drug free medium for 4 h we

were able to measure DNA repair by measuring a decrease in DNA

damage. Interestingly, we found that the shTIIα cell line

repaired DNA at a faster rate compared to the other cell

lines. The data suggest that the resistance of the shTIIα

cell line to ethonafide is due to an initial decrease in DNA

damage and an increase in DNA repair.
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Figure 3.24 Ethonafide-induced DNA damage in the wild-type and
shRNA-transfected DU145 cancer cell lines. Black bars
represent DU 145 cells incubated with ethonafide for 1 h
followed by single cell electrophoresis and fluorescent
imaging. The white bars represent DU 145 cells where after 1
h ethonafide was removed and cells were incubated with drug-
free medium for 4 h prior to being harvested. An increase in
comet moment correlates to an increase in DNA damage. Each
point represents the mean ± SEM of three independent
experiments. Significance was determined by comparison of the
scramble, and shTIIα and shTIIβ cell lines to the wild-type
cell line and analysis by ANOVA with a Student-Newman-Keuls
multiple comparisons test. *p < 0.01; **p < 0.001.
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4. CHAPTER

DISCUSSION

4.1. Cytotoxic activity and mechanism of action of ethonafide

Topoisomerase II remains an important target for

anticancer therapies due to the enzyme being highly

upregulated in neoplastic tissues compared to normal tissues

(Turley et al., 1997). Importantly, topoisomerase IIα protein

expression has been shown to increase proportionally with the

Gleason score in prostate cancer (Hughes et al., 2006). Also,

it was found that androgen-insensitive tumors expressed higher

levels of topoisomerase IIα compared to the androgen-sensitive

prostate tumors (Hughes et al., 2006). The topoisomerase II

poison mitoxantrone is currently approved for use as

palliative treatment in patients with HRPC. Its use has been

limited due to its inability to increase overall survival,

which may possibly be related to dose-limiting toxicities and

emerging tumor resistance (Aviles et al., 2005; Trojan et al.,

2005; Michels et al., 2006). The introduction of

topoisomerase II poisons with increased sensitivity in drug-

resistant tumors and decreased dose-limiting toxicities would

be a significant addition to the treatment of prostate cancer.

The topoisomerase II inhibitor amonafide was also a

promising anticancer agent, however, its use was limited due
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to the toxicity associated with its metabolism. To enhance

amonafide’s DNA-binding strength and to abolish the formation

of the N-acetyl-amonafide toxic metabolite, the primary amine

was replaced with a benzene ring to form the azonafide series

of anticancer agents. Out of the approximately 160 azonafide-

based compounds synthesized, the compound with the ethoxy side

chain, ethonafide, was chosen for continued development.

Ethonafide was chosen for further development due to its

retained cytotoxicity in mitoxantrone and doxorubicin-

resistant cancer cell lines, its anti-tumor activity in mouse

models, and its low toxicity in neonatal rat cardiomyocytes

(Sami et al., 1996; Dorr et al., 2001).

The purpose of this project was to characterize the

mechanism of action of ethonafide in human prostate cancer.

The cytotoxicity of ethonafide was investigated in three human

prostate cancer cell lines. We found that all three cell

lines were sensitive to ethonafide in the nM range after a 3-

day exposure. The most sensitive cell lines were the

androgen-insensitive DU 145 and PC-3 human prostate cancer

cell lines. Interestingly, both of these cell lines have

either a mutated or deleted p53. The most resistant cancer

cell line was the androgen-sensitive, p53 wild-type LNCaP cell

line. It is unclear whether p53 status and androgen
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sensitivity play a role in determining sensitivity to

ethonafide. It is known that p53 negatively regulates the

transcription of topoisomerase IIα (Valkov and Sullivan,

2003). It is possible that the mutation or deletion of p53

allows topoisomerase IIα expression levels to increase,

thereby, increasing the molecular target of ethonafide.

Incidentally, both the DU 145 and PC-3 cell lines do express

higher levels of topoisomerase IIα compared to the LNCaP cell

line (van Brussel et al., 1999). Interestingly, the LNCaP

cell line has classically been shown to be more sensitive to

topoisomerase II poisons, including mitoxantrone, compared to

the DU 145 and PC-3 cell lines (van Brussel et al., 1999; Han

et al., 2006) In addition, ethonafide was less toxic in the

normal prostate epithelial cells as compared to the three

human prostate cancer cell lines. Therefore, the data suggest

that ethonafide is more effective in inducing cell death in

less differentiated, transformed cells compared to normal

cells. In contrast to mitoxantrone, ethonafide appears to be

more efficacious in the androgen-insensitive DU 145 and PC-3 

prostate cancer cell lines compared to the androgen-sensitive

LNCaP prostate cancer cell line. Also, compared to

mitoxantrone, ethonafide was more effective at inhibiting

tumor growth and was better tolerated in DU 145 cancer-bearing
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SCID mice. Ethonafide may represent a more tolerable and more

effective agent against androgen-insensitive human prostate

cancers compared to mitoxantrone.

The in vivo toxicity of ethonafide was investigated in

C57BL/6 mice. The current results show that the myelotoxic

effects of mitoxantrone and ethonafide are quite similar.

There were some quantitative differences between the two

agents in terms of their myelotoxicity. There was a greater

degree of lymphocytopenia with mitoxantrone compared to

ethonafide. Also, the total WBC and lymphocyte counts

recovered more rapidly after ethonafide. Nonetheless, both

drugs produced the same qualitative effects on the bone

marrow.

The mechanism of action of ethonafide had not yet been

investigated in cancer. Ethonafide had previously been shown

to inhibit purified topoisomerase IIα activity in a cell-free

topoisomerase II plasmid DNA relaxation assay (Mayr et al.,

1997). We found that ethonafide inhibited topoisomerase II

activity in DU 145 and PC-3 prostate cancer cell lines. The

formation of drug-stabilized cleavable complex was

investigated by measuring the induction of DNA-associated

topoisomerase II by ethonafide. A 1 h treatment of ethonafide

led to formation of the cleavable complex in the DU 145 cell
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line. Ethonafide led to cleavable complex formation involving

both topoisomerase IIα and β. The stabilization of the

normally transient cleavable complex is the defining

characteristic of topoisomerase II poisons. It should be

noted, that this finding contradicts a previous report that

stated that ethonafide was a catalytic inhibitor (Mayr et al.,

1997). The report was based on the absence of open circular

DNA in the presence of ethonafide. It should be noted that

the open circular DNA was only seen in the presence of

etoposide but was not seen with mitoxantrone, which is also a

topoisomerase II poison. The previous study did not measure

cleavable complex formation.

The stabilization of the cleavable complex also leads to

induction of DNA DSBs. The induction of DSBs is believed to

be due to the collision of DNA track proteins with the

stabilized cleavable complex (Kaufmann, 1998). DU 145 cells

incubated with ethonafide for 1 h were subjected to single

cell electrophoresis and then assayed for DNA damage using the

neutral comet assay. With increasing concentrations, the

comet moment, a quantification of DNA damage, increased. The

induction of DSBs is a potent signal for activation of the

apoptotic pathway (Kaufmann, 1998; Sordet et al., 2003). We

hypothesized that ethonafide treatment of prostate cancer
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cells would activate the apoptotic pathway. A 24 h treatment

of DU 145 cells with ethonafide led to cleavage of

procaspases-8, -9, and -3, and PARP. It is important to note,

that although both procaspases 8 and 9 were cleaved it is not

evident as to whether the intrinsic or extrinsic pathway is

important in inducing cell death in response to ethonafide.

In addition to activation of the apoptotic cascade by

cytotoxic concentrations of ethonafide, we found that

ethonafide potently arrested DU 145 cells in the G2 phase of

the cell cycle using subtoxic concentrations. This arrest

correlates with previous reports indicating that topoisomerase

II poisons generally arrest cells in the G2 phase of the cell

cycle. This is in contrast with catalytic inhibitors that

have been shown to induce an M phase arrest. This is due to

the fact that catalytic inhibitors can inhibit topoisomerase

II activity without inducing large amounts of DNA damage.

The specificity of ethonafide for each topoisomerase II

isoform was also investigated. The isoform-specificity of a

topoisomerase II poison may possibly be beneficial in

identifying cancers that will be more responsive to treatment.

The down-regulation of both isoforms of topoisomerase II has

been shown to render cells resistant to topoisomerase II

poisons (Chikamori et al., 2005; Errington et al., 1999;
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Snapka et al., 2001). In addition to topoisomerase II

poisons, Emmons et al. also demonstrated that decreasing

expression of topoisomerase IIβ sensitizes cells to melphalan

and the enzyme appears to play a role in the repair of

melphalan-induced crosslinks (Emmons et al., 2006).

Therefore, isoform-specificity can also aid in designing

combination therapies. For example, agents that are specific

for topoisomerase IIα can be used with G2 checkpoint

abrogating agents to force cells into a mitotic cell death

(Vogel et al., 2005). Agents specific for topoisomerase IIβ

can be combined with DNA-damaging agents to enhance

cytotoxicity as observed with the knockdown of topoisomerase

IIβ (Emmons et al., 2006).

Using purified topoisomerase IIα and recombinant

topoisomerase IIβ we investigated whether ethonafide equally

inhibited each isoform. By comparing ethonafide inhibition in

the two isoforms, it was evident that ethonafide inhibited

both isoforms at similar concentrations. In addition,

cytotoxic activities of ethonafide and a series of other

anticancer agents were investigated in DU 145 cell lines with

decreased expression of either topoisomerase IIα (shTIIα) or

topoisomerase IIβ (shTIIβ). The shTIIα cell line was less

sensitive to ethonafide compared to the wild-type, scramble,
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and shTIIβ cell lines. The shTIIα cell line was also

resistant to etoposide and mitoxantrone. Mitoxantrone has

been shown to inhibit the activity of both topoisomerase II

isoforms, with isoform-specificity varying between cell

culture models (Errington et al., 1999; Snapka et al., 2001;

Errington et al., 2004; Chikamori et al., 2005). The reasons

for discordance between the different models may be due to the

spatial localization and the preferential repair of the

topoisomerase II isoforms in cell culture models or the fact

that some of the models used mouse embryonic fibroblasts and

others used cancer cell lines (Sugimoto et al., 1998;

Errington et al., 2004).

While investigating DNA damage and DNA repair in the DU

145 cell lines, we found that ethonafide was inducing less DNA

damage in the shTIIα cell line. In addition, the cell line

repaired DNA damage at a faster rate compared to the other DU

145 cell lines. A recent study has suggested that the

topoisomerase II poison-stabilized cleavable complexes are

preferentially repaired depending on which topoisomerase II

isoform is trapped in the cleavable complex (Errington et al.,

2004). It is possible that the topoisomerase IIβ isoform is

repaired more efficiently than the topoisomerase IIα isoform

in the DU 145 human prostate cancer cell line.
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4.2. Future studies

Future studies may include investigating the activity of

ethonafide and other topoisomerase II poisons in other cell

lines with decreased expressions of topoisomerase IIα or β.

This may provide insight as to whether the isoform-specificity

of topoisomerase II poisons seen in vivo is due to factors

such as enzyme localization or cleavable complex repair

mechanisms. This may allow for more accurate identification

of cancers that will be more responsive to therapy. In

addition, this may offer further information as to the

mechanisms of resistance of cancers to topoisomerase II

poisons and perhaps methods to circumvent this resistance.

The cardiotoxicity induced by doxorubicin and

mitoxantrone greatly limits the total dose patients can

receive. Although an in vitro study has shown that ethonafide

has a low toxicity in rat cardiac myocytes in comparison to

cancer cell lines, an in vivo study would be highly beneficial

in determining the degree of cardiotoxicity. Although a

canine study is the preferred model for cardiotoxicity, the

use of a mouse model would be suitable for an initial

assessment of cardiotoxicity in vivo (Bertazzoli et al., 1979;

Zbinden and Beilstein, 1982; Alderton et al., 1992). This

model would involve the administration of drug to mice one to
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two times a week for up to 12 weeks. Approximately two weeks

after the final injection, mice would be euthanized and their

hearts would be removed and examined for any morphologic

abnormalities compared to control mice. This study would

provide direct evidence on whether ethonafide is less

cardiotoxic compared to mitoxantrone. If ethonafide is truly

less cardiotoxic than mitoxantrone, this would allow patients

to receive higher total doses of ethonafide.

4.3. Summary

In the present study, we investigated the cytotoxic

activity and mechanism of action of the anthracene-containing

anticancer agent ethonafide in human prostate cancer. We

found that ethonafide was cytotoxic in human prostate cancer

cell lines in vitro and in vivo. Ethonafide was more active

in inhibiting tumor growth, compared to mitoxantrone, in a

xenograft tumor model. In comparison to mitoxantrone,

ethonafide was also found to be better tolerated by mice and

was slightly less myelotoxic.

Ethonafide induces cell death through inhibition of

topoisomerase II by stabilization of the cleavable complex.

We also found that a decrease in topoisomerase IIα protein

expression in the DU 145 cell line rendered it resistant to
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ethonafide. This suggests that inhibition of topoisomerase

IIα, but not topoisomerase IIβ, in the DU 145 cancer cell line

is necessary for the induction of cell death.

Although many topoisomerase II poisons are used in the

treatment of cancer the introduction of more effective agents

is needed. The data suggest that ethonafide may be a suitable

alternative for mitoxantrone in the treatment of HRPC.

Ethonafide was found to be more cytotoxic in the androgen-

insensitive DU-145 and PC-3 human prostate cancer cell lines

compared to the androgen-sensitive LNCaP prostate cancer cell

line. This is in contrast to mitoxantrone, which is more

cytotoxic to the LNCaP cancer cell line compared to the DU 145

and PC-3 cancer cell lines (van Brussel et al., 1999; Han et

al., 2006). Also, mitoxantrone-resistant cancer cell lines

are not cross-resistant to ethonafide. These data support the

rationale for further evaluation of ethonafide in animal

models and in patients.
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