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Introduction

9-Nitrocamptothecin (9-NC) is a semisynthetic deriva-
tive of the indole alkaloid, camptothecin (CPT), produced
by several plants that grow in Asia, including Camp-
totheca acuminata, Mappia foetida, Merriliodendron
megacarpum and Ervatania heyneana. The preparation
of 9-NC has been described (1). Briefly, purified CPT is
dissolved/suspended in concentrated H,SO, and, while
continually stirred, is nitrated. Eventually, a crude mixture
of 9-NC and 12-NC is obtained, which can be loaded on
a column of silica gel to first elute 9-NC. A subsequent
reduction of 9-NC yields 9-aminocamptothecin (9-AC).
The chemical structures of CPT, 9-NC and 9-AC are
shown in Figure 1A. The final, purified 9-NC, 12-NC and
9-AC products are yellow and yellow-orange powders,
respectively, and, like CPT, are insoluble in water. When
mice with L1210 leukemia were treated with these com-
pounds, 9-NC and 9-AC exhibited a markedly higher anti-
tumor activity than CPT, whereas 12-NC was inactive (2).

It was suggested at that time that 9-NC may be a prodrug
for 9-AC because of enzymatic hydrolysis or reduction
despite drastic electronic differences (1). The structure of
various CPT derivatives determines their activity (3, 4)
and the carboxylate (i.e., open E-ring) form has much
less antitumor activity than the lactone (i.e., closed
E-ring) form of CPT as demonstrated in studies with ani-
mals and cultured cells (Fig. 1B) (3, 5). 9-NC and 9-AC
exhibit higher inhibition of cell proliferation and antitumor
activities and much less toxicity than CPT and result in
complete regression of various human tumors xenograft-
ed in immunodeficient athymic (nude) mice, while tumor
regrowth is observed more frequently following complete
tumor regression in animals treated with CPT (6-11).
9-NC is chemically more stable than 9-AC, which is
readily oxidized during handling and use, and generates
degradation products that are toxic to normal cultured
cells and mice. Since 9-NC is the precursor of 9-AC, it
can be prepared at a much higher yield and considerably
lower cost. In pharmacokinetic studies, a 9-NC metabolite
was identified by mass spectroscopy to be 9-AC in the
plasma of a human, dog and mouse that orally received
9-NC and in the media of cells exposed to 9-NC in vitro
(12, 13). These findings indicated that the cells can meta-
bolically convert 9-NC to 9-AC. Further studies with a
large variety of human malignant cell lines and normal
cells that propagate for a limited time in culture have led
to the following conclusions: regardless of tissue origin,
all cell types tested are capable of converting 9-NC to
9-AC; cells that acquired resistance to 9-NC retain the
ability to convert 9-NC to 9-AC; 9-NC-lactone, but not
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Fig. 1. Chemical structures of CPT, 9-NC, 9-AC and 9-NC esters. A) Precursor, camptothecin (CPT), and the metabolic product, 9-
aminocamptothecin (9-AC), of 9-NC. B) Lactone (i.e., closed E-ring) and carboxylate (i.e., open E-ring) forms of CPT. C) Esterification
process of 9-NC and generation of 9-NC esters at position 20 of the E-ring.

9-NC-carboxylate can be converted to the corresponding
9-AC form in presence of human serum albumin, appar-
ently because a cellular reductase(s) recognizes the lac-
tone but not the carboxylate form; and maximal conver-
sion of 9-NC to 9-AC takes place at a media pH around 6
(14). These observations were of apparent clinical and
economic importance and will be discussed below.

Interference of 9-NC with Topoisomerase |

Like all biologically active CPT congeners, 9-NC inter-
feres with the mechanism of action of topoisomerase |
(Top1), a nuclear enzyme present in all mammalian cells
(15).

Top1 and another enzyme, topoisomerase |l (Top2),
are nuclear enzymes that can modulate the topological
state of chromatin DNA by introducing transient DNA

nicks and allowing the removal of excessive supercoils.
Therefore, Top1 and Top2 modulate several vital molecu-
lar processes, including DNA replication and recombina-
tion, RNA transcription and chromosomal decondensa-
tion. In general, Top1 induces breaks on one strand,
whereas Top2 induces breaks on both strands of super-
coiled DNA, resulting in the formation of covalent com-
plexes of Top-DNA fragments, termed “cleavable com-
plexes”. This allows for removal of supercoils followed by
an enzymatic DNA ligation (16-18). The biologically active
CPT analog binds to the cleavable complex subsequent
to the DNA cleavage step and inhibits the ligation
process. Formation of the Top1-DNA-CPT complex
has been demonstrated both in a cell-free system and in
cultured mammalian cells (15, 19, 20). The CPT analog
can bind to the Top1-DNA complex, but not to isolated
Top1 or purified DNA (15). Structure-activity studies
have determined that the CPT lactone has to be in the
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S-configuration in order to bind to the cleavable complex
(21). CPT preferentially stabilizes Top1-mediated cleav-
age of T-G linkages (22, 23), following formation of the
covalent bond between a tyrosine residue of the enzyme
and the 3’-phosphate group of thymidine (24), and inter-
acts specifically and intimately with guanine residues of
the DNA-Top1 complex (25). The exact CPT-binding site
remains unknown. Prolonged CPT-induced stabilization
of the Top1-DNA complex results in conversion of the
single-strand breaks to irreversible double-strand breaks
(25) followed by a characteristic internucleosomal degra-
dation of chromatin DNA, that ultimately leads to cell
death. CPT effectively inhibits the breakage-ligation
mechanism when the target cell is in the replicative
phase, i.e., S phase of the cell cycle, and contains active
Top1 (26-28). In addition, several other factors and/or
events may regulate the CPT-induced cytotoxicity includ-
ing the rate of DNA repair process, proteins that regulate
or execute cell death, etc.

Preclinical Studies of 9-NC as a Single Agent

In the presence of 9-NC certain leukemia cells die by
apoptosis when progressing through the S phase of the
cell cycle, while other leukemia cells treated with 9-NC
accumulate in the G, phase and resist death (29). Also in
the presence of 9-NC, transformed human breast, ovari-
an, prostate, lung and malignant melanoma cells that do
not form tumors when xenografted in nude mice, accu-
mulate at the S/G, boundary of the cell cycle and remain
there for a prolonged period of time. In contrast, cells that
form tumors in nude mice are arrested in the S phase in
the presence of 9-NC and subsequently die by apoptosis
(11, 12, 30).

Our studies have generated one important conclusion
from a clinical viewpoint: lower 9-NC concentrations
applied for long periods of treatment are more effective
than higher concentrations applied for short periods of
treatment in inducing apoptosis (13). It is also of interest
that 9-NC treatment of certain nontumorigenic cells may
result in a fraction of nondividing hyperdiploid cells (11,
13), in agreement with observations reported on various
leukemia cell types treated with CPT (31). It is not yet
understood why 9-NC is cytostatic for nontumorigenic
and cytotoxic for tumorigenic cells in vitro. One possibili-
ty is that cell cycle controls correlate with this differential
response of the cells to 9-NC. For example, lack of arrest
in G, or G, phase of the cell cycle may not provide the cell
with the time required for DNA repair and may result in
damage overload that cannot be repaired. In this regard,
it has been shown that CPT-induced arrest in G, involves
the protein kinase cdc2/cyclin B (32), which is required for
the G,-M phase transition. Like other agents that damage
DNA and result in apoptosis, CPT induces a transient and
unscheduled activation of cdc2/cyclin B during the period
that follows DNA damage but precedes apoptosis (33).
Hence, deregulation of cyclins, cell cycle-regulated kinas-
es and phosphatases, p53 mutations, expression of
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specific genes such as c-jun, cdc2, c-myc, p21/WAF1 and
Bcl-2 family proteins may correlate with drug-induced
cytostasis or cytotoxicity (34-38). Nevertheless, this
selective cytotoxicity of 9-NC, and perhaps other CPT
congeners, against tumorigenic cells in vitro and in vivo is
a property of this drug not observed in other known anti-
cancer drugs. It appears, however, that although the
presence of Top1 is required, it is not sufficient for induc-
tion of cytotoxicity by CPT congeners in cycling cells
(39, 40).

Preclinical Studies of 9-NC Combination Treatments

In general, an anticancer drug is rarely used alone,
but usually in combination with another agent(s) based
upon a rationale developed in preclinical studies with cell
culture or animal models or observations from earlier clin-
ical studies. The combination treatments frequently
applied are combination chemotherapy and combined
modality. The studies summarized below include treat-
ments with 9-NC and/or CPT, which is the less potent
precursor of 9-NC.

Combination chemotherapy

Anticancer drug combinations have demonstrated
much higher or improved curative efficacy, when com-
pared to any single drug included in the combination, in
animal models and cancer patients. Following generally
accepted guidelines to select drugs for combination
chemotherapy, these drugs must have demonstrated
antitumor activity, display no cross-resistance, target dif-
ferent cellular processes and have nonoverlapping toxic-
ities. Thus, sequential in vitro treatment of human colon
cancer cells with CPT and etoposide yields additive cyto-
toxic effects provided that the two treatments are sepa-
rated by more than 6 h (41). Further, we have shown that
human leukemia and prostate carcinoma cells that
acquire resistance to 9-NC or Top2-directed etoposide
have inversely become highly sensitive to etoposide or 9-
NC (42-45). These findings have supported the sugges-
tion that a compensatory relationship exists between the
two DNA-cleaving enzymes, Top1 and Top2 (46-48). We
have further suggested that to maximize the effectiveness
of the alternating combination chemotherapy with 9-NC
the cancer cells or tumors must be treated extensively
with the Top2-directed drug to ensure dependence on
Top1 before 9-NC is applied. This suggestion is important
from a clinical viewpoint, because a switch in depen-
dence from one topoisomerase to the other for cell sur-
vival would allow for efficient treatment with the drug
directed against the topoisomerase utilized most or exclu-
sively by the cancer cell. Also, we have demonstrated
that in vitro 9-NC-resistant human leukemia cells, but not
etoposide-resistant cells, exhibit higher sensitivity than
the parental cells when treated with vincristine (42), an
anticancer drug that interferes with microtubule formation
resulting in inhibition of mitosis. Collateral resistance or
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insensitivity to vincristine is presumably due to the pres-
ence of high or increased levels of P-glycoprotein that
inhibits both etoposide and vincristine, but not 9-NC.
However, at present it is not known why increased resis-
tance of cells to 9-NC confers increased sensitivity to vin-
cristine. At any rate, studies of increased sensitivity to
Vinca alkaloids by cells with increased resistance to 9-NC
may also lead to development of a clinical protocol for an
effective combination chemotherapy for specific type(s) of
cancer.

Combined modality therapy

Failure of or unsatisfactory results with single modali-
ties of therapy has led to development of combined
modality therapy for the majority of cancers. Currently,
combined modality therapy consists of two or more
modalities, including chemotherapy, radiation therapy,
surgery or hyperthermia, based on rationales derived
from preclinical and early clinical investigations (49). The
most promising combined modality therapies involving 9-
NC are discussed below.

1) 9-NC and ionizing radiation

Studies of proliferating cultured cells treated with CPT
and radiation have generated controversial results and,
consequently, views of whether this combination treat-
ment is effective (50-53). According to one view, CPT
enhanced radiation-induced cytotoxicity because of alter-
ations of the cell cycle progression by either agent and
the marked S phase specificity of the lethal action of the
drug (53, 54). Radiation alone preferentially kills cells at
G,-M (55). In contrast, other studies with human Hela
cells and Chinese hamster V-79 fibroblasts have shown
no evidence of mutual potentiation of CPT and radiation
in decreasing cell survival and altering the formation and
rejoining of DNA double-strand breaks (56). Specifically,
radiation and CPT applied concomitantly or in close tem-
poral proximity were shown to interact with each other in
a purely additive mode, whereas when radiation was
applied 2 h or longer prior to CPT treatment, CPT-induced
toxicity was apparently decreased following CPT treat-
ment (56). These controversial results probably correlate
with various parameters contributing to the complexity of
CPT- and radiation-induced mechanisms and, therefore,
these results should be evaluated in this context. In this
regard, a recent study of irradiation combined with the
metabolic product of 9-NC, 9-AC, on a mouse mammary
cancer has indicated that the frequency and timing of
9-AC administration with irradiation are important factors
in the design of clinical protocols for effective tumor treat-
ment with no or low acute toxicity (57).

Experimental parameters which may result in diverse
results after 9-NC/radiation therapy include cell type, drug
concentrations used, duration of drug treatment, whether
drug-treatment precedes or follows radiation, expression
of genes that control check points of the cell cycle, etc.
For example, although CPT and 9-NC specifically target
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S phase cells, the exact stage may vary within the
S phase as a result of the drug concentration. In this
regard, relatively high 9-NC concentrations block DNA
synthesis at early S phase, i.e., near G,, whereas low
drug concentrations block DNA synthesis at late S phase,
i.e., near G, (30). Therefore, radiation administered after
initiation of CPT or 9-NC treatment will probably generate
various results depending on the stage of S phase, i.e.,
early, middle or late, in which the cells have accumulated
at the time of irradiation. The presence of functionally
active Top1 is another parameter. 9-NC added concomi-
tantly with or immediately after radiation requires a long
time for any additive or synergistic cytotoxicity to be
observed because, immediately following ionizing radia-
tion, there is a dramatic decrease in Top1 enzymatic
activity (58), which apparently will result in decreased 9-
NC-induced toxicity. Downregulation of Top1 activity in
irradiated cells results from posttranslational modification
rather than decreased synthesis of mRNA and protein
(58). Also, differences in radiosensitivity may exist in cells
because of loss of function of the p53 protein (59, 60) and
expression of specific Bcl-2 family proteins (61-63).
Finally, kinases, phosphatases and other key proteins dif-
ferentially control cell cycle events in normal and cancer
cells, and therefore, studies of these events in 9-NC- and
ionizing radiation-induced toxicity is a prerequisite for the
development of protocols of combination treatments of
9-NC with radiation, so that cancer cells will be killed
while normal cells will be only minimally affected or
unaffected.

2) 9-NC and hyperthermia

Application of hyperthermia combined with anticancer
drugs, i.e., thermochemotherapy, has been explored as a
clinical strategy to enhance the therapeutic effect of sev-
eral anticancer drugs, even in drug-resistant cells (64).
For example, heat potentiates the cytotoxicity of cisplat-
inum (65) and tumor necrosis factor used to treat cultured
cells and human tumors xenografted in nude mice (66-
70). In related earlier studies, etoposide-induced toxicity
was not enhanced by hyperthermia (70), whereas in
some instances, hyperthermia protected human and
rodent cells from the cytotoxic action of etoposide and
amsacrine (71, 72). However, these studies cannot be
compared since different experimental models (i.e., cell
types) were used. It has been shown that heat alone may
induce G, arrest depending on the cell type, and this
arrest correlates with increases in the level of p16 (73), a
protein that acts as a negative regulator of the cell growth
(74, 75).

With regard to CPT, no significant increase was
reported for its cytotoxicity in vitro when mouse mamma-
ry tumor cells were exposed to the drug at 42 °C com-
pared with the same drug exposure at 37 °C (65).
However, combination treatment with CPT and hyperther-
mia killed more cells than CPT treatment alone in mice
carrying FSAIIC fibrosarcoma (76). A recent study in our
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laboratory has demonstrated that the sequence of treat-
ments with hyperthermia and 9-NC is important in order
to increase or decrease the cytotoxic action of 9-NC
against human leukemia HL-60 cells in vitro (77). In fact,
there is a marked similarity observed on the interacting
action of 9-NC and etoposide with hyperthermia at 43 °C
for 60 min (78), in part because of the similar mecha-
nisms of action of Top1 and Top2.

9-NC as an Agent of Cell Differentiation

The concept of “differentiation chemotherapy” is
based upon observations that cytostatic drug treatment of
malignant cells in culture, and in some instances in vivo,
can induce differentiation into normal, less malignant cells
(79-81). Studies of CPT inducing cell differentiation have
been conducted with human hematopoietic (leukemia)
cell lines. It was initially reported that CPT was a potent
agent of cell differentiation for several human leukemia
cell lines including HL-60, U-937, ML-1 and
K-562 (82-84). Differentiation was assessed by monitor-
ing changes in differentiation markers including ability to
reduce nitro-blue tetrazolium, synthesis of a-naphthyl
acetate and naphthol AS-D chloroacetate esterases, syn-
thesis of Fc-receptors and specific globin mRNAs and
ability to phagocytize. These studies showed that CPT-
treated ML-1 and U-937 cells differentiate along the gran-
ulocytic lineage, whereas HL-60 and K-562 cells differen-
tiate along the monocytic and erythrocytic lineage,
respectively (82-84). In contrast, another study showed
that, like CPT-treated HL-60 and THP-1 cells, CPT-
treated U-937 cells express specific markers of monocytic
differentiation (85). However, regardless of the reported
differentiation lineage of CPT-treated U-937 cells, these
cells and all other leukemia cells examined are induced to
differentiate to more mature cells in the presence of CPT
(82-85). Continuous exposure of U-937 cells to increasing
9-NC concentrations results in development of resistance
to the drug, and this correlates well with an increase in the
“normalcy” of the cells as determined by specific molecu-
lar markers and decreased ability or inability of the cells
to induce tumors when xenografted in nude mice (86).
Apparently, these results may have important implications
in the differentiation chemotherapy of leukemia patients
treated with CPT or 9-NC. It is not yet known how CPT or
9-NC induces differentiation of human leukemia cells in
vitro, but in U-937 cells this induction appears to correlate
with a transient activation of transcription of the early
response genes, c-jun and jun-B (87), presence of mutat-
ed Top1 (88) or lower expression of Top1 and increased
expression of Top2 (89). The c-jun and jun-B genes are
members of a multigene family of transcription factors
(90). On the other hand, it has been demonstrated that
Top1 is required for gene transcription (91, 92). Taken
together these findings suggest that inhibition of Top1 by
CPT can result in both down- and upregulation of expres-
sion of specific genes (85, 87). This suggestion has been
substantiated by recent findings that showed involvement
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of Top1 in both repression and activation of gene tran-
scription in vitro (92).

It has also been observed that CPT-induced leukemia
cell differentiation is accompanied by inhibition of Top1
activity (82-84), increased cellular and nuclear size (85,
87) and generation of DNA strand breaks (82-85, 87).
Although these events occur during the same or overlap-
ping periods, it is likely that they are results independent
and unrelated to CPT-induced mechanisms (84, 87). It
has been suggested that the differentiation effect of CPT
on gene expression is dependent on drug concentration,
that is, low (under 20 nM) CPT concentrations induce
DNA hypomethylation (93), a process that has been
associated with transcriptional activation in animal cells
(94, 95). Therefore, the extent of drug-induced inhibition
of DNA methylation may correlate with inhibition of Top1
activity and, in turn, altered gene expression and induc-
tion of differentiation (93). Another suggestion is that CPT
and other Top1 inhibitors induce cell differentiation at con-
centrations of 10- to 100-fold below the lethal dose, which
is below the drug concentration that stabilizes the cleav-
able complex (96). Also, low CPT concentrations may
result in unbalanced cell growth which, in turn, may result
in hyperdiploidy and increased nuclear and/or cell size.

In addition to CPT, 9-NC has also been used in vitro
in differentiation induction studies of human cancer cells
from solid tissues. Thus, presence of low (i.e., 20-30 nM)
9-NC concentrations to cultures of human hepatoblas-
toma HepG2 cells results in their arrest in the G, phase of
the cell cycle and results in the appearance of morpho-
logical and biochemical features associated with more dif-
ferentiated cells (37). Also, the G, arrested cells express
upregulated levels of the cyclin-dependent kinase
inhibitor, p21 (37), that has been implicated in induction of
differentiation of cells of diverse tissue origin including
melanoma cells (97, 98). Specifically, ectopic expression
of p21 in human malignant melanoma cells elicited
growth arrest at the G, phase, differentiation and sup-
pression of tumor growth in animals inoculated with the
p21-expressing cells (98). We also have conducted stud-
ies of differentiation of human malignant melanoma cells
exposed to 9-NC in vitro (99). We have shown that after
exposure of the SB1B cell line to 50 nM 9-NC,
65-80% of the cells die by apoptosis, whereas the surviv-
ing cells are arrested at the G, phase and subsequently
develop characteristic features of normal melanocytes
which include dendritic extensions, synthesis of the pig-
ment melanin and, importantly, loss of tumorigenic ability
after being xenografed in nude mice. Further, we have
shown that untreated, exponentially growing or density
G,-arrested SB1B cells express p21, whereas this protein
is virtually undetected in 9-NC-treated, G,-arrested cells
(99). The reverse is observed in the expression of p16,
another cell cycle negative regulator, which binds to and
inactivates the cyclin D/CDK4 (or CDK6) complex, thus
resulting in cell cycle arrest at G, (100). Our results sup-
port a previous study that restoration of p16 into
melanoma cells in vitro resulted in the appearance of
morphological features of mature melanocytes (101).
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Table I: Major studies of DNA viruses in presence of CPT.

9-Nitrocamptothecin

DNA virus family

and member(s) Experimental system

Function(s) or effect(s) disrupted or decreased by CPT

Adenoviridae
Ad2, Ad5

Papovaviridae

Ad2-, Ad5-infected human (HelLa) cells

SV40 Cell-free; SV40-infected monkey kidney cells

JvC JVC-infected human glial cells
Herpesviridae

HSV-2 HSV-2-infected human fibroblasts

EBV EBV-infected human T cells

CMV CMV-infected human fibroblasts
Parvoviridae

Lulll (H1) Lulll-infected human (HelLa) cells

Viral DNA replication, transcription, genome packaging

Viral DNA replication
Viral DNA replication

Viral DNA replication
Viral DNA replication
Cytopathic manifestations

Viral DNA synthesis

Taken together, these results demonstrate the feasibility
of using 9-NC in differentiation therapy as a clinical pro-
cedure in manipulating melanoma.

9-NC as an Antiviral Agent

In earlier studies, CPT was used as a tool to elucidate
functions of viruses and their interactions with compo-
nents of infected cells. These studies led to conclusions
that CPT can attenuate or completely block Top1 activity
required for functions of DNA or RNA viruses regardless
of whether this Top1 activity was of virus or host cell ori-
gin. Viral functions affected by CPT congeners have been
studied in cell-free systems utilizing purified components
and/or enzymatic activities from viruses and mammalian
cells, and models of virus-infected cells and animals.
DNA viruses studied in the presence of CPT include the
adenoviruses (Ad) 2 and 5; the papovaviruses, simian
virus 40 (SV40) and JC virus (JCV); the herpesviruses,
herpes simplex virus type 2 (HSV-2), Epstein-Barr virus
(EBV) and human cytomegalovirus (CMV); and the par-
voviruses Lulll and H1. These studies and the major
observations are summarized in Table | and have been
previously described more extensively (102). Importantly,
the studies with JCV- and EBV-infected cells demonstrat-
ed that the CPT-induced viral inhibitory effects occurred
with no apparent inhibition of the host cell transcription,
translation and viability. Studies of DNA viruses exposed
to 9-NC have not yet been reported. However, 9-NC is
biologically more potent, but less toxic for cells, than CPT,
and therefore 9-NC may develop to a highly effective drug
against DNA viruses that require Top1 activity for various
functions.

Although they have been investigated in a limited
number of studies, CPT and 9-NC have demonstrated a
remarkable activity against murine, horse and human
retroviruses. The studies were conducted in cell-free sys-
tems, virus-infected cells in cultures and virus-infected
animals using the Moloney murine leukemia virus (Mo-
MLV) that induces development of lymphoma in mice, the

Friend murine leukemia virus (FV) that causes rapid
development of erythroleukemia in mice, the equine
infectious anemia virus (EIAV) that causes viremia, fever,
anemia and tissue and erythrocyte destruction in horses
and the human immune deficiency virus (HIV), the
causative agent of AIDS. The results of these studies
(103-105) are summarized in Table II.

9-NC Derivatives

The unprecedented curative ability of 9-NC against
human tumors grown in nude mice was not observed to
the same extent in clinical trials with cancer patients. This
differential antitumor efficacy of 9-NC in the human and
mouse systems can be explained by the differential
bioavailability of the 9-NC lactone in these two recipients.
It has been demonstrated that human serum albumin
(HSA) in vitro exhibits 150- to 200-fold binding preference
for the carboxylate relative to the CPT lactone, and that
serum albumins from other species, including mouse,
bind CPT carboxylate much less tightly than HSA (106-
108). As a result, the equilibrium of lactone (closed E-
ring) — carboxylate (open E-ring) favors faster carboxy-
late formation in humans than in mice. Wani et al. (109)
first demonstrated that the carboxylate Na salt of CPT has
only about 10% of the antitumor potency of CPT lactone
in a rodent leukemia system. The correlation of antitumor
activity and presence of intact lactone E-ring was further
confirmed in studies of human tumor xenografts in mice
treated with closed and open lactone E-ring (110).

To prolong the bioavailability of 9-NC in the plasma of
patients this drug has been synthetically modified in order
to delay conversion of the lactone to the carboxylate form.
For this, Cao et al. prepared four 9-NC alkyl esters,
namely 9-NC-acetate, 9-NC-propionate, 9-NC-butyrate
and 9-NC-isobutyrate, by adding the appropriate pros-
thetic groups to position 20 of the 9-NC-lactone E-ring
(Fig. 1C) (111). These esters were assayed for ability
to inhibit growth and induce apoptosis in HL-60 and
U-937 cells (112). Although less active than 9-NC, the
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Table II: Summary of studies with retroviruses treated with CPT congeners.

Retrovirus Model Major findings

Mo-MLV Mo-MLV-infected newborn mouse CPT prevented and significantly reduced development
of splenomegaly or size of enlarged spleen

FV FV-infected adult mouse CPT pretreatment prevented splenomegaly development
after FV injection

EIAV Chronically EIAV-infected horse cells in vitro CPT inhibited viral replication with no apparent effect on
proliferation and viability of host cells

HIV HIV-infected human T cells in vitro CPT inhibited virus replication and HIV infection

Human T cells infected with latently activated

HIV in vitro

Human monocytoid cells freshly infected with

HIV in vitro

Human monocytoid cells resistant to 9-NC but

infected with HIV in vitro

9-NC inhibited TNF-induced activation of virus in
HIV-infected cells when 9-NC treatment preceded, but
not followed, TNF treatment. 9-NC induced apoptosis
in latently infected, but not in uninfected cells

9-NC inhibited HIV replication

9-NC failed to inhibit HIV replication

propionate and butyrate esters were still markedly active,
while the other 9-NC esters exhibited little or no activity.
Apparently, intact 9-NC-propionate and 9-NC-butyrate
are biologically inactive and require de-esterification in
order to become bioactive, i.e., these esters must be
converted to 9-NC by specific carboxylesterases. It is
possible that 9-NC-propionate and 9-NC-butyrate are
bioactivated, i.e., deesterified, by HL-60 and U-937 cells,
whereas the other 9-NC esters can be bioactivated by
other tissue types. Tissue-dependent bioactivation of
specific 9-NC esters is under investigation. However, the
preliminary studies have indicated that esters and other
modified forms of 9-NC can be developed as 9-NC pro-
drugs that can be administered at large doses with
appearance of low toxicity in normal cells and tissues. At
any rate, the modified 9-NC must be converted to 9-NC in
order to exhibit its antitumor activity. Various modified
9-NC molecules are currently under investigation.

Clinical Studies

Clinical trials have been conducted with 9-NC orally
administered in gelatin capsules. In a phase | clinical trial
of 9-NC (113), 28 patients with advanced disease refrac-
tory to conventional chemotherapy received 9-NC sched-
uled in cycles of 5 consecutive days every week. The
starting drug dose was 1 mg/m?/day for 4 weeks with
increments of 0.5 mg/m?/day. At doses above 1.5
mg/m?/day, WHO grade 4 toxicity occurred as anemia (8
patients; 29%), neutropenia (7 patients; 25%) and throm-
bocytopenia (5 patients; 18%). Grade 2 or higher non-
hematologic toxicity occurred at each dose level and was
manifested as nausea/vomiting (15 patients; 54%), diar-
rhea (9 patients; 32%), chemical systitis (7 patients;
25%), neutropenic sepsis (6 patients; 21%) and weight
loss (5 patients; 18%). Alopecia was rare and appeared
in patients with severe neutropenia. The dose-limiting tox-

icity was cystitis. Five partial responses were observed
after 2-8 weeks of therapy in patients with pancreatic,
breast, ovarian and hematologic tumors. Fourteen
patients had a minor response or stable disease while on
treatment. The MTD of oral 9-NC has been estimated at
1.5 mg/m?/day for 5 consecutive days.

A phase Il trial of 9-NC was conducted in patients with
heavily refractory tubal or peritoneal cancer (114). The
median number of previous chemotherapy regimens was
over 3. The starting 9-NC dose was 1.5 mg/m?/day and
was administered for 4 consecutive days every week,
followed by a dose elevation of 0.25 mg/m?day in
patients with no significant side effects. Toxicity was eval-
uated in 31 patients. WHO grade 3 or 4 hematologic
toxicity consisted of anemia (10 patients; 32%), neu-
tropenia (8 patients; 26%) and thrombocytopenia
(5 patients; 10%). Grade 2 or higher nonhematologic tox-
icity consisted of nausea and vomiting (26 patients; 84%),
diarrhea (12 patients; 39%), weight loss (7 patients;
22%), chemical cystitis (6 patients; 19%) and neutrophilic
sepsis (6 patients; 19%). 9-NC was tolerated for sus-
tained periods of time up to 47 weeks in some patients.

In a recent 9-NC clinical study in patients with
advanced pancreatic cancer (115), the median survival
was 8.7 months for the 60 patients qualified for evalua-
tion. Of these patients, 31.7% were responders (median
survival 18.6 months; range 6.5-44.7+ months), 31.7%
were stable (median survival 9.7 months) and 33.6%
were nonresponders (median survival 6.8 months).
Previously untreated and treated patients had median
survival periods of 7.3 and 4.7 months, respectively.

Conclusions and Perspectives

Unquestionably, the CPT derivative 9-NC has exhibit-
ed in vivo and in vitro properties and abilities that warrant
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its further investigation as a potent anticancer and antivi-
ral drug. The diverse capabilities of 9-NC to induce apop-
tosis, cytostasis or cell differentiation appear to depend
on the “malignant stage” and/or the type of cell. At pre-
sent, there is no evidence that 9-NC and other active CPT
congeners act via specific cellular receptors in inducing
cell death by apoptosis. But it is well established that for-
mation of the Top1-DNA cleavable complex, and its sub-
sequent stabilization by the CPT congener, require ongo-
ing DNA synthesis for drug-induced apoptosis. It is not
known whether physical interactions between Top1 and
other cellular components are important in the cytotoxic
and differentiation effects of CPT congeners. For exam-
ple, Top1 physically interacts with HMG17 (116), RNA
polymerase | (117), nucleolin (118), SV40 T antigen (119,
120), p53 (121, 122) and other proteins involved in repli-
cation or transcription. Further, interaction of Top1 with
the SV40 T antigen helicase has been shown to modulate
Top1-DNA-CPT ternary complexes, suggesting that simi-
lar interactions between Top1 and cellular helicases may
mediate the cytotoxicity of CPT congeners (123).
However, it remains to be investigated whether interac-
tion between Top1 and a specific cellular protein(s) plays
a role(s) in cytotoxicy, cytostasis and differentiation
induced by 9-NC and other CPT congeners.

The covalently linked cleavable complex of DNA-Top1
appears to be the major target for all CPT congeners.
Formation of a stable DNA-Top1-CPT complex is an
event required for the apoptotic action of all biologically
active CPT congeners, but beyond this similarity these
compounds, including 9-NC, exhibit diverse antitumor
efficacy, pharmacology, pharmacokinetics and metabo-
lism (6, 7, 13, 14, 124). Also, the limiting toxicity in treat-
ed patients depends on the congener. For example, the
major clinical problem is diarrhea with CPT and myelo-
suppression with 9-NC (125). For each CPT congener the
important issues are the establishment of optimal sched-
uling, route of administration, pharmacological formula-
tion and clinical efficacy. Specifically for 9-NC, it appears
that oral administration, treatment scheduling (5 consec-
utive days a week followed by 2 days without treatment)
and dose (starting at 1.5 mg/m?/day) are more or less
established parameters when the drug is used as a single
modality. It is also evident from the clinical trials that can-
cer patients without previous treatment are better respon-
ders than previously treated patients.

At present there are no clinical results of combination
chemotherapy or combined modality treatments with
9-NC. However, promising results have derived from
studies of combination treatment of cancer cells in vitro
with 9-NC and etoposide. Additional combinations of
9-NC with other anticancer drugs may improve even
more the beneficial outcome in treated patients. Also,
studies in vitro and in vivo with ionizing radiation and
9-AC, i.e., the metabolic product of 9-NC, have shown
that 9-AC can enhance the radiation-induced toxicity
(57, 126, 127). Such results have indicated that frequen-
cy and timing of 9-AC administration and radiation treat-
ment are important factors to be considered in the design
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of clinical protocols. In conclusion, combination chemo-
therapy and combined modality therapies appear to be
promising strategies for localized or systemic treatment of
cancer, and development of appropriate treatment proto-
cols should be of high priority.

Differentiation chemotherapy with 9-NC is another
promising strategy for treatment of cancer patients, par-
ticularly those with leukemias. In this strategy, 9-NC must
be used at low concentrations or doses so that it will not
damage the genome but rather activate specific genes
associated with cell differentiation. Also important in this
strategy may be the role of DNA hypomethylation, and
therefore other agents that induce DNA hypomethylation
could be used to “prime” the cancer cells for 9-NC-
induced differentiation. This hypothesis is currently being
investigated in our laboratory using various cancer cell
systems in vitro.

Studies of the 9-NC precursor CPT with various mam-
malian retroviruses and our studies in vitro with HIV-
infected human lymphocytic and monocytic cells strongly
indicate the efficacy of 9-NC as an antiretroviral agent
used alone or in combination with other antiretroviral
agents. However, clinical trials of 9-NC with retrovirus-
infected individuals remain to be conducted. In this con-
text, 9-NC may also prove to be a potent agent against
infectious DNA viruses, and efforts should be made to
pursue clinical studies with individuals infected with DNA
viruses.

Finally, the remarkable ability of 9-NC, at pharmaco-
logical doses, to kill cancer but not normal cells in vitro
and in vivo should be investigated in order to improve the
efficacy of this drug. One possibility is to synthesize 9-NC
prodrugs that preserve and slowly release the drug’s anti-
tumor activity in the human blood and other tissues.
These prodrugs will allow administration of increased
doses, less frequent drug treatment, continuous presence
of 9-NC in the cancer tissue environment and provide
adequate time for the human body to remove and, there-
fore, prevent accumulation of by-products toxic for normal
cells and tissues (which in turn will result in a decrease in
or absence of side effects). Another possibility to increase
9-NC-induced antitumor activity and decrease drug-gen-
erated side effects is to sensitize the apoptotic machinery
of cancer cells exposed to this drug. Identification of com-
ponents/events of the 9-NC-induced apoptotic cell death
is currently underway at our laboratory.

In conclusion, the properties and abilities of 9-NC
exhibited in preclinical and clinical studies and its
immense possibilities to become a potent anticancer and
antiviral agent make it one of the most promising drugs of
the future.
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