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In previous studies, we have documented the potential therapeutic advantages of camp-
tothecin analogs modified at the 7-position, i.e., 7-oxyiminomethyl derivatives. The present
study was performed to explore the therapeutic potential of novel hydrophilic derivatives of
this series. With one exception (ST1976), the tested camptothecins exhibited a reduced
antiproliferative activity and all compounds retained ability to stabilize the topoisomerase I-
mediated cleavable complex. The two analogs (ST1976 and ST1968) characterized by the
presence of a free amino group in the side chain also exhibited the formation of persistent
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cleavable complexes. The most potent compound, ST1976 (7-(4-aminobenzyl)oxyimino-
methylcamptothecin), was selected for evaluation of its preclinical profile of antitumor
activity in a large panel of human tumor xenografts. As expected on the basis of the
introduction of a hydrophilic substituent, the novel camptothecin was a substrate for BCRP.
However, in spite of an apparent recognition by BCRP, ST1976 was effective following oral
administration. The antitumor activity was evaluated using various schedules and routes of
administration (i.v. and p.o.). ST1976 exhibited a remarkable activity in all tested tumors and
was effective in a number of tumors which are resistant to irinotecan. The biological and
pharmacological profile of ST1976 supports the therapeutic potential of camptothecins
containing hydrophilic substituents at the 7-position. On the basis of its excellent activity in
preclinical models, ST1976 is a promising candidate for clinical development.

© 2006 Elsevier Inc. All rights reserved.

lactone form at physiological pH generates the carboxylate
form which exhibits high affinity for human serum albumin
[4]. This interaction shifts the equilibrium toward the open

1. Introduction

Camptothecins continue to be the subject of intense inves-
tigation [1]. The preclinical and clinical efficacy of topoisome-
rase I inhibitors has generated high expectations in the
development of the novel generation of camptothecins. A
major limitation of camptothecins is related to their peculiar
chemical structure [2,3]. The chemical instability of the
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form, thus favoring the hydrolysis of the lactone and limiting
the therapeutic level of the active form [2,4]. The drug-
stabilized topoisomerase I-DNA cleavable complex, contain-
ing single-strand break, is reversible [5]. This lesion is
converted in the more lethal double-stranded breaks during
DNA synthesis [6]. Therefore, as a result of this mechanism of
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action, stability of the cleavable complex (i.e., drug-enzyme-
DNA ternary complex) or prolonged exposure to the active
drug form are critical requisites for therapeutic efficacy of
camptothecins [2,3].

We have reported that 7-substituted lipophilic camp-
tothecins exhibit favorable molecular and pharmacological
features resulting in potential therapeutic advantages [7-13].
The promising pharmacological profile of analogs of this
series likely reflects a rapid intracellular accumulation (a
favorable event to minimize drug-plasma protein interac-
tion) and a persistent stabilization of the cleavable complex.
However, recent studies on the molecular structure of the
cleavable complex stabilized by topotecan have indicated
the participation of water in the enzyme-mediated cleavable
complex [14], which likely provides stabilization of the
ternary complex. Based on this model, hydrophilic analogs
modified at the 7-position able to form extensive hydrogen
bond networks have been prepared [15]. The reported
hydrophilic camptothecin analogs form stable cleavable
complex with DNA and topoisomerase I and the in vivo
activity of the tested 7-modified analogs was found
promising.

The present study was performed to explore the influence
of hydrophilic substituents at the 7-position of novel camp-
tothecins of the 7-oxyiminomethyl series [9]. Among the
tested camptothecins we selected a potent analog, ST1976, for
detailed antitumor activity studies.

2. Materials and methods
2.1. Drugs

The procedure for the synthesis of 7 modified camptothecins
has been previously described [7,9] and the chemical struc-
tures are presented in Fig. 1. The clinical preparations of
topotecan and irinotecan were used as standard reference.
ST1600, ST1587, and ST1968 were dissolved in distilled water;
ST1976 was dissolved in DMSO and diluted in sterile distilled
water before use with a final DMSO concentration of 10% for
oral and 5% fori.v. delivery. Irinotecan was dissolved in sterile,
distilled water keeping it under magnetic stirring for about two
hours, and administered i.v. very slowly. All drugs were
delivered in a volume of 10 ml/kg of body weight.

2.2.  Antiproliferative activity

Cell lines used were the non-small cell lung cancer cell line
NCI-H460 (ATCC, HTB-177), the colorectal adenocarcinoma
cell line HT29 (ATCC, HTB-38) and the corresponding mitox-
antrone resistant variant HT29/mit [16].

Cells were cultured in RPMI-1640 containing 10% foetal calf
serum. Cytotoxicity was assessed by growth inhibition assay
after 1h drug exposure. Cells in the logarithmic phase of
growth were harvested and seeded in duplicates into 6-well
plates. Twenty-four hours after seeding, cells were exposed to
the drug and harvested 72 h after exposure and counted with a
Coulter counter. ICsy is defined as the inhibitory drug
concentration causing a 50% decrease of cell growth over
that of untreated control.

2.3.  Topoisomerase I-dependent DNA cleavage assay

A 3'-end labeled gel purified 751-bp BamHI-EcoRI fragment of
SV40 DNA was used for the cleavage assay. SV40 plasmid was
first linearized with BamHI enzyme and then 3'-labeled by
using DNA polymerase I large (klenow) fragment (Invitrogen,
Paisley, UK) in presence of dGTP and «*’P ddATP. The labeled
DNA was then restricted with EcoRl enzyme and the
corresponding 751-bp was purified on agarose gel. Topoi-
somerase I DNA cleavage reactions (20,000 cpm/sample) were
performed in 20 pl of 10 mM Tris-HCI (pH 7.6), 150 mM KCl,
5 mM MgCl,, 15 ng/ml BSA, 0.1 mM dithiotritol, and 640 ng of
human recombinant enzyme (full length topoisomerase I) [17]
for 30 min at 37 °C. Reactions were stopped by 0.5% SDS and
0.3 mg/ml of proteinase K for 45 min at 42 °C. Persistence of
DNA cleavage at different time points was examined by adding
0.6 M Nacl after 30 min of incubation. After precipitation DNA
was resuspended in denaturing buffer (80% formamide,
10 mM NaOH, 0.01 M EDTA and 1 mg/ml dyes) before loading
on a denaturing 8% polyacrylamide gel in TBE buffer. Overall
DNA cleavage levels were measured with a Phospholmager
425 model (Molecular Dynamics).

2.4.  Antitumor activity studies

All experiments were carried out using female athymic Swiss
nude mice, 7-10 weeks old (Charles River, Calco, Italy). Mice
were maintained in laminar flow rooms, keeping temperature
and humidity constant. Mice had free access to food and
water. Experiments were approved by the Ethics Committee
for Animal Experimentation of the Istituto Nazionale Tumori
of Milan according to institutional guidelines [18].

Human tumor lines were maintained by serial s.c.
passages of fragments (about 2mm x 2mm x 6 mm) of
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Fig. 1 - Chemical structures of novel hydrophilic
camptothecins.
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Table 1 - Antiproliferative activity of 7-modified camptothecins

Drug ICso (LM)? log PP
H460 HT29 HT29/Mit RI¢

Topotecan 0.31+£0.11 1.35 + 0.66 46.29 + 21 34 1.394 + 0.812
SN38 0.22 +£0.013 0.67 +£0.36 11.5+2.7 17 2.625 +0.787
ST1976 0.025 + 0.0014 0.038 £+ 0.016 0.32+0.1 8 3.006 +0.778
ST1600 0.077 4 0.008 0.17 +£0.08 1.01 £0.39 6 2.272 +0.80
ST1968 0.51£0.15 0.46 +£0.16 28.8 +4.84 62 1.938 +0.778
ST1587 0.3 +0.086 0.97 £ 0.32 4.32+2.16 4 2.665 + 0.80

& ICso, drug concentration required for 50% reduction of cell growth as compared with untreated controls after 1-h exposure to the drug.

Means + S.D. are reported from at least three experiments.

b log P was calculated using Advanced Chemistry Development (ACCD/Labs) Software V8.14 for Solaris. P, partition coefficient between n-

octanol and water
¢ RI, resistance index in HT29/Mit.

regrowing tumors in healthy mice [19]. Groups of four/six
mice bearing bilateral s.c. tumors were employed for
experiments. Tumor fragments were implanted on day 0
and tumor growth was followed by biweekly measurements
of tumor diameters with a Vernier caliper. Tumor volume
(TV) was calculated according to the formula: TV
(mm?) = d? x D/2, where d and D are the shortest and the
longest diameter, respectively. ST1976 was delivered orally
ori.v.and irinotecan i.v. Several schedules of administration
were employed, starting treatments when tumors were just
palpable (about 50 mm?).
The efficacy of drug treatment was assessed as:

(i) Tumor volume inhibition percentage (TVI%) in treated
versus control mice, calculated as: TVI% = 100 — (mean TV
treated/mean TV control x 100).

(ii) logio cell kill (LCK) calculated by the formula:
LCK = (T — C)/3.32 x DT, where T and C are the mean
times (days) required for treated (T) and control (C)
tumors, respectively, to reach an established TV and DT
is the doubling time of control tumors.

(iii) Complete regression (CR), i.e., disappearance of the tumor
lasting at least 10 days after the end of treatments.

The toxicity of the drug treatment was determined as body
weight loss and lethal toxicity. Deaths occurring in treated
mice before the death of the first control mouse were ascribed
to toxic effects.

Students’ t-test (two tailed) and Fisher’s exact test were
used for statistical comparison of tumor volumes and CR,
respectively.

3. Results
3.1.  Antiproliferative activity

The antiproliferative effects of the tested camptothecins
were determined at 72 h following 1 h-exposure to the drugs.
The 7-modified analogs exhibited a different potency in
inhibiting cell growth under these conditions (Table 1). The
most water-soluble analog ST1968, which contains an
aliphatic amine in the side chain, was characterized by a
low potency comparable to that of topotecan or SN38, the

active metabolite of irinotecan. In contrast, the less polar
ST1976, which contains a primary aromatic amine as
hydrophilic substituent in the side chain at 7-position,
retained a marked potency. The tested hydrophilic analogs
were apparently substrates of BCRP, because all compounds
exhibited cross-resistance in the HT29/Mit subline which
overexpresses BCRP, a transport system implicated in
resistance to conventional camptothecins. This finding is
consistent with the previous observation that other camp-
tothecin analogs with high polarity may be substrates for
BCRP [20,21]. Indeed, the less marked cross-resistance of
ST1587, ST1976 and ST1600 is consistent with their lower
polarity compared with ST1968.

Since human serum albumin is known to tightly bind the
ring opened carboxylate form of camptothecins, thus favor-
ing the lactone ring hydrolysis [22], a reduction of the
cytotoxic effects of the camptothecin in the presence of
human serum albumin provides indirect information on the
lactone stability. Using this assay, no change in cytotoxic
effect was observed for ST1600, ST1968 and ST1587. The ICsq
value of ST1976 increased in the presence of 30 mg/ml HSA
(Table 2), thus suggesting a reduced stability of the lactone.
However, even in the presence of the high albumin con-
centration, ST1976 exhibited an antiproliferative potency
comparable to other analogues and substantially higher than
that of topotecan.

Table 2 - Effects of human serum albumin on antiproli-

ferative activity of 7-modified camptothecins against
H460 lung carcinoma cells

Drug ICso (}.LM)a
no HSA HSA HSA

(1 mg/ml) (30 mg/ml)
Topotecan 0.52 0.74 1.13
ST1976 0.025 £ 0.0014 0.03 £ 0.0024 0.15 + 0.004
ST1600 0.077 0.077 0.077
ST1968 0.24 +0.15 0.35£0.15 0.21 £+ 0.026
ST1587 0.3 0.3 0.3

& ICso, drug concentration required for 50% reduction of cell
growth as compared with untreated controls after 1-h exposure
to the drug. Where reported, means =+ S.D. are referred to at least
three experiments.
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Fig. 2 - Topoisomerase I-mediated DNA cleavage by SN38,
ST1968, ST1600 and ST1976. Samples were reacted with 1,
10 and 50 pM drug at 37 °C for 30 min. Reaction was than
stopped by adding 1% SDS, 0.3 mg/ml of proteinase K and
incubating for 45 min at 42 °C before loading on a
denaturing 8% polyacrylamide gel. G, control DNA; T,
reaction without drug; M, purine markers; solid line, novel
camptothecin analogs (ST1976, ST1600 and ST1968);
dashed line, SN38.

3.2.  Topoisomerase I-mediated DNA cleavage

Topoisomerase I-mediated DNA cleavage assays with purified
human topoisomerase I were used to investigate the ability of
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Fig. 3 - Persistence of topoisomerase I-mediated DNA
cleavage in the presence of SN38, ST1968, ST1600, ST1587
and ST1976. (A) Time-course analysis of DNA cleavage
induced SN38 and camptothecin analogs. The samples
were reacted for 30 min with 10 pM drug. DNA cleavage
was then reversed by adding 0.6 M NaCl. The 100% value is
referred to the extent of DNA cleavage at 30 min of
incubation. G, control DNA; T, reaction without drug; M,
purine markers. (B) Comparison of cleavage persistence in
presence of SN38 and camptothecin analogs. Each value
was obtained by densitometric analysis of the site
indicated in bracket. The experiment was repeated 3 times
and the results of a representative value are reported.

camptothecin analogs to stimulate the DNA damage. SN38
was used as a reference compound. The compounds revealed
an intensity of DNA damage comparable to that of SN38, as
determined by densitometric analysis (Fig. 2). Cleavage
pattern was found identical to SN38 for all the tested
camptothecins. Since the drug interaction with the DNA
enzyme complex is expected to be reversible, the drug potency
is likely related to the drug stabilization of the ternary
complex. Therefore, the stabilization of the cleavable complex
was evaluated after the addition of high salt concentration
(0.6 M NacCl), which favors the dissociation of the ternary drug-
enzyme-DNA complex. As compared with SN38, ST1976,
ST1600 and ST1968 revealed a more stable ternary complex.
Such a feature was particularly evident for ST1976 and ST1968,
characterized by the presence of a free amino group, which
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Table 3 - Effects of oral ST1976 (q4dx4 times) against human gastrointestinal tumor xenografts

Tumor model Dose (mg/kg) TVI%® CR® LCK® B.W. loss% Tox®
MKN?28 gastric carcinoma 6 78 0/8 0.6 0 0/4
12 92 0/8 1.0 4 0/4
CoBA colon carcinoma 15 94 0/8 13 20 0/4
18 - = = 25 3/4
Panc-1 pancreatic carcinoma 14 98 5/8 1.6 16 0/4

2 Tumor volume inhibition % in treated over control mice.

® Complete responses: i.e., disappearance of tumors lasting at least 10 days.

© Gross log cell kill to reach 1000 mm? of tumor volume.
4 Body weight loss % induced by drug treatment.
¢ Number of dead mice/total number of mice.

revealed a DNA damage persistence around 60-80% after
10 min (Fig. 3). The less polar analog ST1587, bearing a
methylated amino group in the side chain, exhibited a reduced
stability.

3.3.  Antitumor activity studies

On the basis of its antiproliferative potency, ST1976 was
selected for further preclinical development. The antitumor
activity of oral ST1976 was studied in a large panel of human
tumor xenografts using various treatment schedules. The
maximum tolerated dose (MTD) was determined with the
intermittent q4dx4 schedule. Against MKN-28 gastric carci-
noma the antitumor activity was dose-dependent at well
tolerated doses, up to 12 mg/kg (Table 3). Against CoBA colon
carcinoma, a higher dose was tested, 15 mg/kg, which was
effective, without lethal toxicity, but with a substantial body

weight loss. The dose of 18 mg/kg was highly toxic in most
treated mice (3/4). With the dose of 14 mg/kg against the
pancreatic carcinoma model Panc-1, an excellent antitumor
activity was achieved (in 5/8 treated animals) without
evidence of substantial toxicity. Although no toxic death were
observed up to 15 mg/kg, the doses of 14-15 mg/kg caused a
marked body weight loss.

We investigated the antitumor activity of ST1976 in
comparison with irinotecan as a standard camptothecin, in
a panel of tumor xenografts of various tumor types, including
tumor models resistant to conventional camptothecins
(Table 4). Irinotecan, was delivered iv., g4dx4, 50 mg/kg
(which in our experimental conditions is the MTD with such
schedule). The same schedule (q4dx4) and the q11dx3
schedule were used for oral ST1976 delivering 10 and 15 mg/
kg, respectively. Under these conditions ST1976 was well
tolerated and no toxic death occurred. When the compounds

Table 4 - Pattern of antitumor activity of oral ST1976 and i.v. irinotecan (CPT11)

Tumor model Drug Dose (mg/kg) TVI%? (day) CR® LCK® B.W. loss %
g4dx4 q11dx3

IGROV-1 ovarian carcinoma CPT11 50 49 (26) 0/10 0.5 (300) 4
ST1976 10 9%’ 0/8 1.4 17
15 88 (35) 0/8 1.2 21
HT1376 bladder carcinoma CPT11 50 46 (28) 0/10 0.2 (300) 9
ST1976 10 85 0/8 0.9 12
15 76 (35) 1/8 0.9 16
CoRa colon carcinoma CPT11 50 60 (37) 0/12 0.8 (500) 8
ST1976 10 89° 0/10 1.5 14
LoVo colon carcinoma CPT11 50 93 (34) 0/12 1.5 (700) 3
ST1976 10 97 1/10 2.0 13
MESO mesothelioma CPT11 50 78 (30) 0/12 0.8 (200) 7
ST1976 10 80 0/8 0.8 20
15 73 (63) 0/8 0.9 16
A431 epidermoid carcinoma CPT11 50 100 (29) 12/12 6.8 (1000) 7
ST1976 10 97" 4/8 2.0 10
15 76 0/8 0.8 3

P < 0.05; “P < 0.01 vs. CPT11-treated mice, by Student’s t-test.
a
b
c

d

Tumor volume inhibition % in treated over control mice; in parenthesis the day on which it was assessed.
Complete responses: i.e., disappearance of tumors lasting at least 10 days.

Gross logy, cell kill to reach an established tumor volume (in parenthesis, mm?).

Body weight loss % induced by drug treatment; the highest change is reported.
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Table 5 - Effects of oral ST1976 against slowly growing human tumor xenografts

Tumor model® Single dose (mg/kg)

Days of treatment

Total dose (mg/kg) TVI%® CR® LCKY BWL%® Tox'

A549 NSCLC 1.25 48, 11— 15, 18 — 22, 37.5 50 0/8 0.6 2 0/4
25 — 29, 32 — 36, 39 — 43

1.5 48,11 — 15, 18 — 22, 45 70 0/8 0.9 4 0/4
25 — 29, 32 — 36, 39 — 43

1.8 4,8, 11— 15, 18 — 22, 54 83 0/8 1.5 12 0/4
25 — 29, 32 — 36, 39 — 43

15 4,11, 18, 25, 32, 39 90 71 0/6 1.2 7 1/4

CoBA colon carcinoma 2 5—-9, 19 — 23,33 - 37, 50 92 1/8 2.7 9 1/4

47 51,61 — 65
2.5 59,19 — 23, 33 — 37, 62.5 % 1/8 2.7 10 0/4

47 — 51, 61 — 65

a

Doubling time, around 6.5 days for both tumors.

Y Tumor volume inhibition % in treated over control mice.

@
d

e

f Number of dead mice/total number of mice.

Complete responses, disappearance of tumor lasting at least 10 days.
Gross logjo cell kill to reach an established tumor volume, i.e., 900 mm? for A549 and 1000 mm? for CoBA-bearing mice.
Body weight loss % induced by tumor and drug treatment, the highest change is reported.

were delivered with the same schedule (q4dx4), oral ST1976
showed superior efficacy over i.v. irinotecan against IGROV-1
ovarian carcinoma, HT1376 bladder carcinoma and CoRa colon
carcinoma (P <0.05 in TVI% values), all quite resistant to
irinotecan. ST1976 was partially superior to irinotecan even
against LoVo colon carcinoma. The two drugs had a compar-
able activity against MESO mesothelioma, whereas irinotecan
exhibited a superior efficacy only against A431 epidermoid
carcinoma, a tumor model highly responsive to camptothe-
cins. When delivered at the dose of 15 mg/kg with the less
frequent treatment schedule (q11dx3), ST1976 showed lower
efficacy than when delivered at the dose of 10 mg/kg, q4dx4, in
spite of comparable total doses (45 and 40 mg/kg).

We have previously shown that slow-growing tumor
xenografts are more sensitive to daily protracted administra-

tion of camptothecins [12]. Thus, a daily prolonged treatment
schedule with low-dose levels of ST1976 was tested against the
A549 lung carcinoma (Table 5). With this schedule the highest
dose tested (total dose, 54 mg/kg) was significantly effective. In
contrast, the weekly treatment (q7dx6) with 15 mg/kg was less
effective, in spite of the higher total dose delivered (90 mg/kg).
In mice bearing the CoBA colon carcinoma, the doses of 2 and
2.5 mg/kg with the daily schedule were safely employed and
ST1976 showed relevant efficacy.

In an attempt to identify optimal treatment conditions, the
antitumor activity of ST1976 was investigated against the
ovarian carcinoma IGROV-1 and the bladder carcinoma
HT1376 using different schedules and comparing i.v. and oral
administration. In IGROV-1 tumor, when ST1976 was delivered
orally, the best antitumor effect was achieved with the daily

Table 6 - Effects of ST1976 against human tumor xenografts

Tumor model Route Days of treatment Dose (mg/kg) TVI%® CR® LCK® BWL%? Tox®
Single Total

IGROV-1 ovarian carcinoma iv. 4,8, 11, 15 4 16 84 (22) 0/8 0.6 9 0/4
4,8 11 5 15 = = = 34 4/4

4, 15, 27, 39 6.25 25 98 (55) 3/8 2.7 24 0/4

4 7.5 7.5 78 (15) 0/6 0.5 20 1/4

Oral 48,11 — 15,18 — 22,25 — 29 1.25 25 89 (40) 0/8 1.5 6 0/4

48 11— 15,18 — 22, 25 — 29 2 40 96 (40) 0/8 1.9 16 0/4

4, 8,12, 16 10 40 96 (25) 0/8 1.4 17 0/4

3, 14, 24 15 45 88 (35) 0/8 1.2 21 0/4

HT1376 bladder carcinoma iv. 6, 10, 14, 18 4.2 16.8 68 (27) 0/8 0.5 10 0/4
6, 10, 14, 18 45 18 91 (31) 1/8 1.3 14 0/4

6, 13, 20, 27, 34 5 25 83 (46) 0/8 1.3 6 0/4

Oral 7,11, 15, 19 10 40 85 (28) 0/8 0.9 12 0/4

7, 18, 28 15 45 76 (40) 1/8 0.9 16 0/4

# Tumor volume inhibition % in treated over control mice, in parenthesis the day on which it was assessed.

b

€ Gross logyo cell kill to reach 300 mm? of tumor volume.
d

¢ Number of dead mice/total number of mice.

Complete responses: i.e., disappearance of tumors lasting at least 10 days.

Body weight loss % induced by drug treatment; the highest change is reported.
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Fig. 4 - Effects of ST1976 on s.c. growing IGROV-1 human
ovarian carcinoma. (O) Control untreatred tumors; (A) i.v.
ST1976, 6.25 mg/kg, q11dx4; (@) oral ST1976, 10 mg/kg,
q4dx4; (1) oral ST1976, 2 mg/kg, daily for 5 days/week for
4 weeks. Bars, standard deviation.

low-dose schedule (Table 6 and Fig. 4). Following i.v. admin-
istration, a relevant therapeutic outcome (3/8 CR) was
achieved even with an intermittent treatment schedule
(q10-12d) at the maximum tolerated dose (6.25 mg/kg). Against
the less responsive HT1376 bladder tumor, optimal effects

I -]
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Fig. 5 - Effects of ST1976 and irinotecan on s.c. growing
HT1376 human bladder carcinoma. Treatments were
delivered q4dx4 times. (O) Control untreatred tumors; (H)
i.v. irinotecan, 50 mg/kg; (@) oral ST1976, 10 mg/kg; (A) i.v.
ST1976, 4.5 mg/kg. Each point represents the mean value
of 10 tumors. Bars, standard deviation.

were obtained by i.v. administration according to the g4d
schedule (Table 6 and Fig. 5). In general, for both administra-
tion routes, less frequent administrations were less effective,
and the drug was more toxic following iv. than oral
administration.

4, Discussion

The results presented in this work indicate that the novel
camptothecin ST1976 was very effective against several
human tumor models, including tumors relatively resistant
to irinotecan. The activity of ST1976 evaluated in conventional
s.c.-transplanted tumor models was generally superior to that
of irinotecan in various tumor types. More detailed informa-
tion on the therapeutic advantages of the novel camptothecin
could be obtained by the use of orthotopic models [12]. ST1976
and other tested analogs (Table 1) were apparently substrates
for BCRP, as indicated by cross-resistance in HT29/Mit cells,
which overexpresses BCRP [16]. However, the degree of
resistance to ST1976 was substantially lower than that to
other more hydrophilic analogs (e.g., topotecan and ST1968)
(Table 1). Indeed, in spite of the presence of an amino group in
the side chain at the position 7, ST1976 was characterized by
limited water solubility which is consistent with a lower
polarity (Table 1). The behavior of the tested camptothecins is
consistent with the hypothesis that the substrate specificity of
BCRP is dependent on the polarity of the camptothecins and
not only on the presence of hydroxyl group at positions 10 and
11 [20,21]. In fact the most polar compound of this series
ST1968 was apparently the best substrate for BCRP, thus
indicating that even substitutions at position 7 confer
recognition by BCRP. The partial recognition of ST1976 by
this transport system, which is known to be expressed in the
intestinal mucosa [23], provides a plausible explanation of the
superior drug efficacy and potency following i.v. administra-
tion as compared with oral administration. Nevertheless,
ST1976 retained an outstanding activity also with oral
treatment, as for other lipophilic analogs of the 7-oxyimino-
methyl-substituted camptothecins [8-13]. Indeed, a prelimin-
ary comparative study of ST1976 and gimatecan, the lead
compound of this series, indicated a comparable antitumor
activity against the gastric carcinoma MKN28, the pancreatic
carcinoma Panc-1 and the colon carcinoma CoBA. ST1976 was
characterized by an improved therapeutic index. However, the
relative therapeutic advantages of ST1976 remain to be
documented. Comparing the antitumor effects of ST1976
delivered according to different schedules, the best results
were achieved by the daily prolonged low-dose schedule. Such
behavior is a general observation which applies to most
camptothecins [11] and is likely related to their antiangiogenic
effects as a consequence of inhibition of HIF-1a [24,25]. With
the iv. treatment, the tolerability was markedly dependent on
the treatment schedule rather than on the cumulative dose.
Indeed an increase of interval between treatments allowed the
administration of doses which were toxic with a more
intensive treatment schedule (Table 6).

The camptothecin analogs, characterized by the presence
of a free amino group in the side chain at the 7 position (e.g.,
ST1968 and ST1976), exhibited a remarkable ability to stabilize
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the cleavable complex. This observation is consistent with the
hypothesis that the drug ability to form hydrogen bonds at the
7-position would result in stable cleavable complexes as
documented for other analogs modified at the 7-position [15].
Thus, although the incorporation of hydrophilic groups in the
side chain at the 7-position is expected to reduce drug uptake
and intracellular accumulation, the tested analogs retained
the ability to poison topoisomerase I. Both ST1600 and ST1968
analogs exhibited a divergent behavior between cell growth
inhibition, as detected by reduced antiproliferative potency,
and molecular interaction at target level, as documented by
topoisomerase I inhibitory efficacy in assays with purified
enzyme. In contrast, the less water-soluble analog ST1976
retained a remarkable efficacy at both cellular and molecular
level. The different behavior of ST1976, in comparison with the
two more hydrophilic analogs, supports the interpretation
that, in addition to the inhibitory activity at the target level,
cellular pharmacokinetics is a determinant of the antiproli-
ferative potency of active camptothecins.

Our original working hypothesis in the development of
novel camptothecins was based on putative advantages of the
drug lipophilicity related to rapid intracellular accumulation
of the active lactone form [26]. Lipophilicity is also expected to
influence the stability of the lactone form and the pharma-
cological behavior. The potent cytotoxic activity and the
excellent antitumor efficacy of ST1976, characterized by the
presence of a hydrogen-bonding group but by a limited
hydrophilicity, likely reflect a combination of favorable
features and support that both stable drug-target interactions
and pharmacological behavior are critical events to enhance
therapeutic efficacy of camptothecins.

In conclusion, on the basis of the peculiar preclinical
profile, showing versatility with both oral and i.v. adminis-
tration and efficacy against tumors resistant to irinotecan and
a good therapeutic index, ST1976 is a promising candidate for
clinical development.

Acknowledgements
This work was partially supported by the Associazione Italiana

per la Ricerca sul Cancro, Milan, and by the Ministero della
Salute, Rome, Italy.

REFERENCES

[1] Thomas CJ, Rahier NJ, Hecht SM. Camptothecin: current
perspectives. Bioorg Med Chem 2004;1585-604.

[2] Burke TG, Xiang T-X, Anderson BD, Latus LJ. Recent advances
in camptothecin drug design and delivery strategies. In:
Adams VR, Burke TG, editors. Camptothecins in cancer
therapy. Totowa, NJ: Humana Press; 2005. p. 171-90.

[3] Zunino F, Pratesi G. Camptothecins in clinical
development. Expert Opin Investig Drugs 2004;13:269-84.

[4] Burke TG, Munshi CB, Mi Z, Jiang Y. The important role of
albumin in determining the relative human blood
stabilities of the camptothecin anticancer drugs. ] Pharm
Sci 1995;84:518-9.

[5] Pommier Y. Diversity of DNA topoisomerases I and
inhibitors. Biochimie 1998;80:255-70.

(6]

[7

[8

[9

[10]

(11]

(12]

(13]

(14]

[13]

[16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

Liu LF, Desai SD. Mechanism of action of topoisomerase I
poisons. In: Adams VR, Burke TG, editors. Camptothecins
in cancer therapy. Totowa, NJ: Humana Press; 2005 . p.
3-21.

Dallavalle S, Delsoldato T, Ferrari A, Merlini L, Penco S,
Carenini N, et al. Novel 7-substituted camptothecins with
potent antitumor activity. ] Med Chem 2000;43:3963-9.

De Cesare M, Pratesi G, Perego P, Carenini N, Tinelli S,
Merlini L, et al. Potent antitumor activity and improved
pharmacological profile of ST1481, a novel 7-substituted
camptothecin. Cancer Res 2001;61:7189-95.

Dallavalle S, Ferrari A, Biasotti B, Merlini L, Penco S, Gallo G,
et al. Novel 7-oxyiminomethyl derivatives of camptothecin
with potent in vitro and in vivo antitumor activity. ] Med
Chem 2001;44:3264-74.

Dallavalle S, Merlini L, Morini G, Musso L, Penco S, Beretta
GL, et al. Synthesis and cytotoxic activity of substituted 7-
aryliminomethyl derivatives of camptothecin. Eur ] Med
Chem 2004;39:507-13.

Pratesi G, De Cesare M, Carenini N, Perego P, Righetti SC,
Cucco C, et al. Pattern of antitumor activity of a novel
camptothecin, ST1481, in a large panel of human tumor
xenografts. Clin Cancer Res 2002;8:3904-9.

De Cesare M, Pratesi G, Veneroni S, Bergottini R, Zunino F.
Efficancy of novel camptothecin gimatecan against
orthotopic and metastatic human tumor xenograft models.
Clin Cancer Res 2004;10:7357-64.

Pratesi G, Beretta GL, Zunino F. Gimatecan, a novel
camptothecin with a promising preclinical profile. Anti-
Cancer Drugs 2004;15:545-52.

Staker BL, Hjerrild K, Feese MD, Behnke CA, Burgin Jr AB,
Stewart L. The mechanism of topoisomerase I poisoning by
a camptothecin analog. Proc Natl Acad Sci USA
2002;99:15387-92.

Wadkins RM, Bears D, Manikumar G, Wani MC, Wall ME,
Von Hoff DD. Hydrophilic camptothecin analogs that form
extremely stable cleavable complexes with DNA and
topoisomerase I. Cancer Res 2004;64:6679-83.

Perego P, De Cesare M, De Isabella P, Carenini N, Beggiolin
G, Pezzoni G, et al. A novel 7-modified camptothecin analog
overcomes breast cancer resistance protein-associated
resistance in a mitoxantrone-selected colon carcinoma cell
line. Cancer Res 2001;61:6034—7.

Beretta GL, Binaschi M, Zagni E, Capuani L, Capranico G.
Tethering a type IB topoisomerase to a DNA site by enzyme
fusion to a heterologous site-selective DNA-binding protein
domain. Cancer Res 1999;59:3689-97.

Workman P, Balmain A, McNally NJ, Pierrepoint CG,
Raymond R, Hickman JA, et al. UKCCCR guidelines for the
welfare of animals in experimental neoplasia. Br ] Cancer
1988;58:109-13.

Polizzi D, Pratesi G, Tortoreto M, Supino R, Riva A,
Bombardelli E, et al. A novel taxane with improved
tolerability and therapeutic activity in a panel of human
tumor xenografts. Cancer Res 1999;59:1036—-40.

Nakagawa H, Saito H, Ikegami Y, Aida-Hyugaji S, Sawada S,
Ishikawa T. Molecular modeling of new camptothecin
analogues to circumvent ABCG2-mediated drug resistance
in cancer. Cancer Lett 2006;234:81-9.

Ishikawa T, Ikegami Y, Sano K, Nakagawa H, Sawada S.
Transport mechanism-based drug molecular design: novel
camptothecin analogues to circumvent ABCG2-associated
drug resistance of human tumor cells. Curr Pharm Des
2006;12:313-25.

Mi Z, Burke TG. Differential interactions of camptothecin
lactone and carboxylate forms with human blood
components. Biochemistry 1994;33:10325-36.

Fetsch PA, Abati A, Litman T, Morisaki K, Honjo Y, Mittal K,
et al. Localization of the ABCG2 mitoxantrone resistance-



664 BIOCHEMICAL PHARMACOLOGY 73 (2007) 656-664

associated protein in normal tissues. Cancer Lett of the novel camptothecin ST1481 (gimatecan) in human
2006;235:84-92. tumor xenografts. Mol Cancer Res

[24] Rapisarda A, Shoemaker RH, Melillo G. Targeting 2003;1:863-70.
topoisomerase I to inhibit hypoxia inducible factor 1. Cell [26] Zunino F, Dallavalle S, Laccabue D, Beretta G, Merlini L,
Cycle 2004;3:172-5. Pratesi G. Current status and perspectives in the

[25] Petrangolini G, Pratesi G, De Cesare M, Supino R, development of camptothecins. Curr Pharm Des

Pisano C, Marcellini M, et al. Antiangiogenic effects 2002;8:2505-20.



	Preclinical efficacy of ST1976, a novel camptothecin analog of the 7-oxyiminomethyl series
	Introduction
	Materials and methods
	Drugs
	Antiproliferative activity
	Topoisomerase I-dependent DNA cleavage assay
	Antitumor activity studies

	Results
	Antiproliferative activity
	Topoisomerase I-mediated DNA cleavage
	Antitumor activity studies

	Discussion
	Acknowledgements
	References


