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Abstract The therapeutic efficacy of the sequence-se-
lective, DNA minor-groove-binding alkylating agent
carzelesin was evaluated against a series of human
tumor xenografts growing at the s.c. site. The model
consisted of seven colon adenocarcinomas, and six
pediatric rhabdomyosarcomas. In addition, carzelesin
was evaluated against xenografts selected in situ for
resistance to vincristine, melphalan, and topotecan.
Carzelesin was given as a single 1.v injection, and tumor
volumes were determined at 7-day intervals. At the
highest dose [0.5 mg/kg, the dose producing 10%
lethality (LD,¢)]), carzelesin significantly inhibited
growth in four of six colon tumor lines, causing a high
proportion of partial regressions in one of seven lines
and complete regressions of VRC; colon tumors. At
0.25 mg/kg, significant growth inhibition was deter-
mined in only two of seven colon tumor lines with
infrequent volume regressions. Carzelesin given at the
highest nonlethal dose level significantly inhibited the
growth of each of six rhabdomyosarcomas, causing
a high frequency of partial or complete regressions in
four of six tumor lines. There was no apparent cross-
resistance to carzelesin in two rhabdomyosarcomas
selected for vincristine resistance (Rh12/VCR,
Rh18/VCR) or in Rh28/LPAM xenografts selected for
primary resistance to the bifunctional alkylating agent
melphalan. Interestingly, carzelesin maintained full ac-
tivity against Rh18/TOPO tumors selected in situ for
resistance to topotecan, whereas the colon tumor
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VRC,/TOPO, selected in a similar manner, was com-
pletely resistant to this agent.
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Introduction

Carzelesin (Fig. 1) is one of three semisynthetic cyclo-
propylpyrroloindole (CPI) antitumor agents to enter
phase I clinical trials [13]. These analogues are DNA
minor-groove-binding, sequence-selective alkylating
agents modeled on the cytotoxic antibiotic CC-1065.
CPI analogues contain a cyclopropyl group that me-
diates the formation of N*-adenine covalent adducts in
double-stranded DNA. Adozelesin was selected for cli-
nical development on the basis of its broad-spectrum
activity against mouse tumors and human xenografts,
its high potency, and its pharmaceutical properties
[14]. Subsequently, synthetic efforts were directed at
the preparation of CPI prodrugs, resulting in the iden-
tification of carzelesin as an agent with superior thera-
peutic activity over adozelesin [13-15]. Carzelesin
demonstrated increased efficacy against 11210
leukemias and several rodent solid tumors as well as
a panel of early-stage human xenografts, including co-
lon (CX-1), lung (LX-1), ovarian 2780, and prostate
DU-145. Further testing showed that carzelesin caused
marked regressions of advanced-stage ovarian 2780
tumors [13]. In this study, the efficacy of carzelesin was
examined against an expanded panel of tumors derived
from colon adenocarcinomas and childhood rhabd
omyosarcomas. Adenocarcinomas of the colon are
generally refractory to alkylating agents, whereas
childhood rhabdomyosarcomas are often exquisitely
sensitive to bifunctional alkylating agents such as
cyclophosphamide, ifosfamide, and melphalan
[5-8, 10].
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Fig. 1 Chemical structure of
carzelesin

Materials ahd methods

Immune deprivation of mice

Female CBA/Cal mice (Jackson Lab, Bar Harbor, Me) aged 4 weeks
were immune-deprived by thymectomy, followed 3 weeks later by
whole-body irradiation (950 c¢Gy) using a *7Cs source. Mice re-
ceived 3 x 10° nucleated bone marrow cells within 68 of irradiation

[91

Tumor lines

Each of the independently derived lines from previously untreated
rhabdomyosarcomas (RMS) and colon adenocarcinomas have been
described elsewhere [3]. For chemotherapy studies, all tumors were
used within 32 passages of their engraftment in mice. Each tumor
grew routinely in over 90% of recipient mice, and all tumors were
human as determined by karyotype and species-specific isoenzyme
patterns. The chemosensitivity of these lines has previously been
reported for conventional agents in the therapy of RMS [5], for
melphalan (L-PAM) [6], and for topoisomerase I inhibitors {2, 4].
Sublines of Rh12, Rh18 and Rh28 selected in situ for resistance to
vincristine (Rh12/VCR-3, Rh18/VCR-3)} melphalan, (Rh28/L-
PAM), and topotecan (Rh18/TOPO) have been described elsewhere
[3]. The colon adenocarcinomas used (HC , GC,, VRC, and ELC,)
were derived from adult patients and have been characterized exten-
sively [3,8,11]. SIC, is a moderately differentiated adenocarcinoma
isolated from a 14-year-old girl, SJC,A and SJC,B tumors were
independent primaries in a 26-year-old man, and SJC, is a well-
differentiated adenocarcinoma isolated from an 11-year-old boy.

Growth-inhibition studies

Mice bearing bilateral s.c. tumors received the agent when tumors
were approximately 0.4-1 cm in diameter. Tumor response was
determined at 7-day intervals using digital calipers (Maxcal) inter-
faced to a Dell 486/50 microcomputer. Two perpendicular diameters
were used to compute volumes [3]. Growth delay was calculated
from the difference in days required for treated tumors to grow to
4-fold their volume at the time of treatment initiation as compared
with vehicle-treated controls. For each treatment group, six or seven
tumor-bearing mice were used. Relative tumor volumes were cal-
culated from the formula RTV = (V,/V,), where V_is the volume on
day X and V, is the volume of tumor at time of treatment initiation.
Grading of tumor responses is given in Table 1; the definition of
> 50% regression required that at some time point after treatment,
each tumor within a treatment group demonstrate such a reduction
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in volume. To equate responses in tumor lines that demonstrate
different rates of growth, inhibition was normalized by expressing
this as a function of tumor volume-doubling time (see Tables 4, 5).

Formulation and administration

Stock solutions of carzelesin were prepared in N,N-dimethylaceta-
mide (DMA) and stored in foil-wrapped containers at — 20°C for up
to 7 days. For administration, stock solutions were diluted in sterile
water to 12.5-50 ug/ml containing a final concentration of 2%
DMA and 10% emulphor. Carzelesin was given as a single i.v.
injection (0.1 m1/10 g body weight). Carzelesin was generously sup-
plied by Dr. J. Patrick McGovren (The Upjohn Company, Ka-
lamazoo, Mich.).

Statistical analysis

The results of individual tumor-inhibition studies were analyzed
with one-way analysis of variance using the number of days required
for tumors to reach four times their original volume as the depen-
dent variable. Only tumors from mice that snrvived the entire study
were included in the analyses, and any tumor that did not reach four
times its original volume was assigned a default value of the maximal
duration of the study. For comparison of the efficacy of various
courses of treatment, data were collapsed across studies, within
a tumor line. The percentage of tumors showing partial and/or
complete regression and any regrowth were calculated for the indi-
vidual tumor lines as previously described [3].

Results
Toxicity

Given as a single administration iv, the maximum
tolerated dose of carzelesin was 0.5 mg/kg. This dose
level resulted in 14 deaths among the 201 mice treated.
Of these, 12 mice were bearing either Rh30 (n =7) or
IRS 56 (n = 5) xenografts, both of which were highly
volume-responsive to treatment. Consequently, it was
not possible to determine whether toxicity in these mice
was secondary to rapid tumor regression rather than
being directly related to carzelesin toxicity. However,
0.5 mg/kg probably represents an approximation of the
dose producing 10% lethality (LD;,), if all deaths are



Fig. 2A-D Responses of VRC, A
colon adenocarcinoma 107
xenografts to carzelesin. Mice
received A vehicle or carzelesin
at B 0.5 or C 0.25 mg/kg i.v as
a single administration. A-C
Growth patterns of individual
tumors. D Mean growth curves
generated for each treatment
group + SE
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included. In addition, mice bearing the SJC;B colon
xenograft did not tolerate dose levels greater than
0.25 mg/kg, although tumors were not volume-respon-
sive at lower dose levels.

Colon carcinomas

Carzelesin given at the optimal dose was most active
against VRCj xenografts, causing a high frequency of
complete regressions (21/22 tumors in replicate experi-
ments), and also caused partial and complete responses
at 0.25 mg/kg, (Fig. 2). In contrast, the other six colon
tumor lines were relatively unresponsive. Although car-
zelesin caused significant growth stasis in two addi-
tional lines (GC; and ELC,), there were few partial
regressions except in SJC; A xenografts. Data are sum-
marized in Tables 1 and 4.

Rhabdomyosarcomas

When the same doses and schedule of administration
were used, carzelesin caused significant regressions of
advanced Rh1§, IRS 56, and IRS68 RMS xenografts.
Responses of Rh18§ tumors are shown for a representa-
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tive experiment in Fig. 3. Data for representative
RMS studies are summarized in Table 2. Analysis
of pooled data from several repeated studies with
several lines of RMS xenografts showed a high propor-
tion of partial (PR) and complete (CR) regressions.
Rh18, 19 PR + 17 CR (n = 42); Rh30, 5 PR + 34 CR
(n =44); IRS68, 17 PR + 13 CR (n = 34); each of 18
IRS56 tumors regressed completely. However,
reduction of the delivered dose of carzelesin resulted
in a marked decrease in objective responses in
all tumors except Rh30 and IRS56, (Tables 2,
5).

Cross-resistance to carzelesin

Carzelesin was evaluated in two rhabdomyosarcomas
selected in vivo for resistance to vincristine (Rh12/VCR
and Rh18/VCR) and against a subline of Rh28 selected
for primary resistance to L-PAM. Rh28/LPAM is
cross-resistant to vineristine and also to VP-16 [1,7].
Carzelesin had similar activity against vincristine resis-
tant sublines and parental RMSs, (Table 3). Rh28 and
its melphalan-resistant subline had similar sensitivity,
although parental Rh28 tumors were only marginally
sensitive to carzelesin. Responses to carzelesin of two
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Table 1 Sensitivity of human
colon adenocarcinoma xenog- Response (%)°
rafts to carzelesin

Dose  Time to Growth delay T/C®
Tumor (mg/kg)® 4X (days) (days) (day) PR CR C (n)
HC, 0 413 + 17

0.5 51.0 + 17 9.7 0.68(35) 7 0 0 (14
GC, 0 279+ 12

0.125 410 + 17 13.1 0.71 (21) 0 0 0 (14

0.25 523 +17 24.4 0.53 (21) 0 0 8 (12)

0.5 593+ 15 31.4% 0.35(21) 8 0 0 (12)
VRCs 0 141+ 4

0.125 820+ 5 67.9% 0.1 (28) 50 35 35 (14)

0.25 68.0 + 14 53.9% 0.1 (28) 0 31 31 (13)

0.5 > 84 > 70% 0.06 (28) 0 100 100 (12
ELC, 0 338+9

0.25 833 +3 49.5% 0.21 (35) 0 0 0 (14

0.5 > 84 > 50* 0.17 (28) 7 0 0 (14
SIC;A 0 179 + 8.9

0.25 381 +87 202 0.26 (14) 20 0 0 (10

0.5 550 + 5.5 37.1% 0.17 (14 70 0 0 (10)
SIC;B 0 259 + 13

0.125 335+7 7.6 0.57 (14) 0 0 0 (12

0.25 445+ 6 18.6 035 (14) 0 0 0 (12

0.5 Toxic - - - - -
SICq 0 22945

0.25 376 +20 14.7 0.81 (14) 0 0 0 (14

0.5 33147 10.2 0.64 (21) 0 0 0 (14

* Significantly different from control (P < 0.05)

® Carzelesin given as a single administration 1.v.

®T/C: maximal treated/control volume ratio; day of measurement given in parentheses

¢ PR, partial response { = 50% volume regression); CR, complete response; C, no regrowth
during period of observation (84 days)

Fig. 3A-D Responses of Rh18
rhabdomyosarcoma xenografts
to carzelesin. Mice received

A vehicle or carzelesin at B 0.5
or C 0.25 mg/kg i.v as a single
administration. A—-C Growth
patterns of individual tumors.
D Mean growth curves
generated for each treatment
group + SE
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Table 2 Sensitivity of childhood

0/ \C
rhabomyosarcomas to Response (%)

carzelesin .
Dose Time to Growth delay T/C°
Tumor (mg/kg)® 4X (days) (days) (day) PR CR C (n)
Rhi2 0 276+ 14
0.25 585+9 30.9*% 0.22 21) 0 0 0 (14)
0.5 70.2 + 10 42.6* 0.21 (35) 11 0 0 O
Rhi8 0 122+ 4
0.125 22947 10.7 0.30 (14 0 0 0 (14)
0.25 325+9 20.3 0.25 (14 14 7 0 (14
0.5 677+ 15 55.5% 0.07 21) 14 50 28 (14
Rh28 0 268 £ 15
0.25 334 +12 6.4 0.52 (14) 0 0 0 (11
0.3 46.2 + 14 194 0.23 (14) 26 8 0 (13)
Rh30 0 62+ 4
0.125 489 +20  42.7% 0.09 (7) 54 31 8 (13
0.25 772 +11  7L0% 0.18 (7) 0 100 46 (L)
0.5 > 84 > 78% 0.13 (7 0 100 100 (12
IRS56 ¢ 324+9
0.25 81.1+6 48.7% 0.06 (6) 0 100 81 (11
0.5 > 84 > 52% 0.0 (6) 0 100 100 (14
IRS68 0O 260+ 14
0.25 40.1 + 12 14.1 0.20 21) 24 0 0 (12
0.5 724 + 10 46.4* 0.06 (21) 92 8 0 (13

* Significantly different from control (P < 0.05)

® Carzelesin given as a single administration i.v.

T/C: maximal treated/control volume ratio; day of measurement given in parentheses
PR, partial response ( > 50% volume regression); CR, complete response; C, no regrowth
during period of observation (84 days)

Table 3 Sensitivity of carzelesin of colon and rhabomyosarcomas selected in situ for resistance to chemotherapeutic agents

Response (%)°

Dose Time to Growth delay T/C®
Tumor {mg/kg)* 4X (days) (days) (day) PR CR C (n)
Rh18/TOPO 0O 14.6 + 10

0.25 509 +24 36.3* 0.13 (14) 67 0 0 (12)

0.5 80.6 +7 66.0% 0.03 (14) 21 79 0 (14)
Rh18/VCR 0 271+ 12

0.25 783 +10 51.2*% 0.05 (28) 70 30 30 (10)

0.5 81.8 +5 54.7% 0.01 (35) 24 76 61 (13)
Rh12/VCR 0 227+5

0.5 62.1 418 39.4* 0.12 (28) 86 0 0 (14)
Rh28/LPAM 0 136+8

0.25 207 +7 7.1 0.46 (14) 0 0 0 (11)

0.5 30245 16.6 0.25 (14) 7 0 0 (14)
VRC,/TOPO ¢ 9.6+ 4

0.25 14143 4.5 0.44 (14) 0 0 0 (12)

0.5 169 + 10 7.3 0.28 (14) 0 0 0 (12)

* Significantly different from control (P < 0.05)

* Carzelesin given as a single administration 1.v.

°T/C: maximal treated/control volume ratio; day of measurement given in parentheses

PR, partial response ( = 50% volume regression); CR, complete response; C, no regrowth during period of observation (84 days)

topotecan-resistant tumors are presented in Fig. 4 and
5. In contrast to the parental line, the VRCs/TOPO Discussion

colon carcinoma was unresponsive to carzelesin

(Fig. 4), whereas Rh18/TOPO retained sensitivity sim- Carzelesin is one of three cyclopropylpyrroloindole
ilar to that of its parental xenograft (Fig. 5). (CPI) analogues to enter phase I clinical trial. These are
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Table 4 Acitivity of carzelesin against human colon adenocar-
cinoma xenografts

Table 5 Acitivity of carzelesin against rhabdomyosarcoma xenografts

Tumor Dose Response?
Tumor Dose Response®
Rh12 0.25 + +
HC, 0.5 — 0.5 + + +
GG, 0.125 — Rh18 0.125 +
0.25 + 0.25 + + +
0.50 + + 0.5 + + + +
VRCs 0.125 + + + Rh28 0.25 -
0.25 + + + 0.5 +
0.50 + + + + + + Rh30 0.125 + + +
ELC, 0.25 + + 0.25 + 4+ 4+ + +
0.5 + + + 0.5 + + + + + +
SIC3A 0.25 - IRS56 0.25 + 4+ + + +
0.5 + + 0.5 + + + + + +
SIC3B 0.125 — IRS68 0.125 —
0.25 + 0.25 -
SIC§ 0.25 — 0.5 + + +
0.5 -

°— No growth inhibition; +, growth inhibition of > 1 tumor
volume — doubling time (Tdy); + -+, inhibition of > 2xTdy;
-+ + +, inhibition of >3xTd,, + + + +, inhibition of
> 3xTd, + 50% regression of all tumors; + + + + +, com-
plete regression of all tumors; + + + + + +, CR of all tumors
without regrowth during period of observation

highly potent, sequence-selective DNA-binding
agents. Clinical development was based upon several
criteria, one of which was significant broad-spectrum
activity against preclinical tumor models. Carzelesin

2~ No growth inhibition; +, growth inhibition of >1 tumor
volume — doubling time (Td;); + +, inhibition of > 2xTdy;
+ + +, inhibition of >3xTd,, + + + +, inhibition of
> 3xTd, + 50% regression of all tumors; + + + + +, com-
plete regression of all tumors; + + + + + +, CR of all tumors
without regrowth during period of observation

demonstrated superior therapeutic activity as com-
pared with adozelesin against both rodent tumors and
a limited series of xenografts. In this study we focused
on two tumor histiotypes: colon adenocarcinomas,

Fig. 4A-D Responses of A 105
VRC,/TOPO colon 101
adenocarcinoma xenografts to
carzelesin. Mice received . 5
A vehicle or carzelesin at B 0.5 e E
or C 0.25 mg/kg i.v as a single & b
administration. A—-C Growth g E :
patterns of individual tumors. 31 g
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representative of chemorefractory epithelial cancers,
and childhood rhabdomyosarcomas, typically highly
chemoresponsive to alkylating agents. Previous studies
using these xenograft models have shown that use of
criteria similar to those used to measure objective re-
sponses in a clinical situation are most valuable in
identifying active new agents [8]. Consequently, to
parallel more closely a clinical situation, relatively ad-
vanced tumors have been treated and objective re-
sponses have been used as meaningful surogate end-
points of drug efficacy.

Previous studies using rodent tumor and xenograft
models have indicated that the efficacy of CPI ana-
logues was relatively schedule-independent [13],
a single administration being equally active as com-
pared with several split-dose schedules examined. In
the present studies, carzelesin was therefore given as
a single administration and, consequently, this may not
be an optimal schedule for therapeutic utility. Further-
more, it would be anticipated that treatment could be
repeated every 3 or 4 weeks in a clinical situation.
Carzelesin caused reproducible complete regression of
VRCs colon carcinomas and partial responses of
SJC; A xenografts. At the highest dose level used, car-
zelesin significantly inhibited the growth of GC; and
ELC, tumors without causing volume regressions. At
0.25 mg/kg, carzelesin continued to demonstrate
marked activity against VRCs tumors but no longer

exerted a significant effect on SJIC;A or GC; xeno-
grafts.

Carzelesin demonstrated greater therapeutic activity
against xenografts derived from untreated childhood
rhabdomyosarcomas, causing complete regressions of
Rh30 and IRS56 tumors at the highest dose level. These
tumors were highly volume-responsive, regressing rap-
idly after treatment. This rapid regression rate may
have contributed to the relatively high level of toxicity
observed in these groups of mice, which accounted for
12 of the 14 deaths occuring among the 201 tumor-
bearing mice treated at this dose level. Noteworthy
though, is that the effect of carzelesin was markedly
reduced at lower dose levels, suggesting a relatively
narrow range of effective doses. Resistance to CPI
analogues has been shown to be associated with P-
glycoprotein expression in multidrug-resistant (MDR)
cell lines [16]. However, the pattern of resistance
against the panel of xenografts examined would suggest
a relatively complex pattern of resistance that does not
necessarily cosegregate with the MDR phenotype. For
example, two of the colon lines quite responsive to
carzelesin (VRCs, SJC3A) are completely resistant to
drugs such as vincristine and doxorubicin (unpublished
results). Conversely, two rhabdomyosarcoma lines se-
lected for primary resistance to vincristine remained as
sensitive to carzelesin as their vincristine-sensitive par-
ental lines. The Rh28/LPAM xenograft, selected for
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resistance to the bifunctional alkylating agent mel-
phalan, was also as sensitive as the parental Rh28
tumor.

Results obtained with the Rh28 alveolar rhab-
domyosarcoma and its melphalan-resistant derivative
are of interest for several reasons. First, Rh28 tumors
have generally been highly responsive to several classes
of chemotherapeutic agents [1, 5-7), particularly bi-
functional alkylating agents such as melphalan, cyclo-
phosphamide, and ifosfamide ([7]; unpublished data).
Thus, the relative insensitivity of Rh28 tumors to car-
zelesin was surprising and may indicate a potentially
different spectrum of antitumor activity as compared
with that of classic alkylating agents. The melphalan-
resistant subline Rh28/LPAM demonstrates a complex
cross-resistance pattern. Rh28/LPAM has been shown
to be cross-resistant to vincristine, etoposide {(VP-10),
the topoisomerase I inhibitor topotecan and, to a lesser
extent, CPT-11 [2,4], as well as the intercalating agent
DMP 840 [3]. That carzelesin maintained full, albeit
limited, activity against Rh28/LPAM suggests that in
situ resistance to CPI drugs may be complex and not
necessarily restricted to the P-glycoprotein-mediated
phenotype. This conjecture is supported by the cross-
resistance pattern observed in two tumor lines selected
for resistance to the topoisomerase I inhibitor
topotecan. VRCs colon adenocarcinoma xenografts
were completely resistant to carzelesin, whereas
Rh18/TOPO tumors were as sensitive as their parental
lines. Further study of these tumor lines selected for
resistance to topoisomerase I inhibitors may be of
value in elucidating in situ mechanisms associated with
carzelesin resistance.

In summary, carzelesin has significant activity
against both colon tumors and rhabdomyosarcoma
xenografts. However, the activity was observed only at
the highest dose levels, and the effective dose range was
consequently narrow. Qur data would indicate that
close inspection of the pharmacokinetics of carzelesin
in mice and in phase T clinical trials may assist in
determining (a) the likelihood of this agents having
significant activity against adult carcinomas and (b)
whether this agent should be evaluated against pedia-
tric malignant solid fumors.
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