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ABSTRACT

U-73,975 (U-73) and U-77,779 (U-77), two analogues of the cyclopro-
pylpyrroloindole ant Â¡iuniorantibiotic CC-1065, are promising novel
chemotherapeutic agents which are known to alkylate the N3 position of
adenine in a sequence-selective manner. The concentration of U-73 re
quired to produce a 1 log cell kill in 6 human tumor cell lines varied from
20-60 p\i. U-77 was more cytotoxic than U-73, with the concentrations
required for a 1 log cell kill ranging from 1-20 p\l. The cytotoxicity of
U-73 and U-77 was found to be independent of the guanine O'-alkyltrans-
ferase phenotype. The sensitivity of the BE and I l'I -29 human colon

carcinoma cells was increased when the time of drug exposure was
increased from 2 to 6 h. DNA interstrand cross-links, as measured by
the technique of alkaline elution, could only be detected when HT-29 or
BE cells were exposed to extremely high concentrations of U-77 for 6 h.
No other forms of DNA damage were detected in genomic DNA with
either compound. U-77 was also found to induce DNA interstrand cross
links in naked DNA, as measured by an agarose gel method. The rate of
interstrand cross-linking was extremely rapid with the "second-arm" of

the cross-link being completed within 2 h. The mechanism by which
these cyclopropylpyrroloindole compounds elicit their cytotoxicity, how
ever, remains to be elucidated.

INTRODUCTION

CC-1065 is a very potent antitumor antibiotic produced by
Streptomyces zelensis (1, 2). The excellent antitumor activity
observed against several murine tumors in vivo (3) and the
broad spectrum of cytotoxicity observed against human tumor
cell lines in vitro (4) suggested that this may be an ideal
compound for clinical trials in humans. Although the mecha
nism of action of this compound is unknown, its major site of
interaction has been proposed to be DNA. CC-1065 has been
shown to alkylate the N3 position of adenine in the minor
groove of DNA, in a sequence-selective manner (5). This base-
specific alkylation is also selective for certain sequences, in
which two subsets of consensus sequences [5'PuNTTA* and
5'AAAAA", where * indicates the covalently modified adenine,

Pu indicates any purine, and N indicates any nucleotide] were
identified (6). A more detailed analysis revealed a revised con
sensus sequence as 5'(A/T)(A/T)A", and it has been suggested

that the primary basis for sequence-selective alkylation is
through a "sequence-dependent conformational flexibility" (7).

Further studies using proton nuclear magnetic resonance with
"O-labeled water led Hurley et al. (8) to suggest that a second

mechanism of recognition of the consensus sequences can occur
via "sequence-dependent catalytic activation." The molecular

basis of the DNA sequence selectivity of CC-1065 has been
related to structural features of CC-1065 that are responsible
for bending and winding of DNA (9).

Unfortunately, a major drawback to the use of naturally
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occurring CC-1065 is that it produces delayed death in mice at
therapeutic doses (10), thus precluding its clinical application.
In an effort to obtain compounds which retained antitumor
activity without any appreciable toxicity, U-733 and U-77 were
synthesized by the Upjohn Company (Fig. 1). Both U-73 and
U-77 are very promising chemotherapeutic agents since these
two compounds are more potent than CC-1065 but do not
produce delayed death in mice as observed with CC-1065 (11,
12). U-73 contains a monofunctional alkylating moiety and is
currently in phase I clinical trials (11). U-77 has bifunctional
capability and is undergoing preclinical toxicological evaluation
with anticipation of advancing to phase I investigation in the
near future." Although these compounds have been shown to
react with DNA in a sequence-selective manner (12), similar to
that seen with CC-1065 (12), little is known about their mech
anisms of DNA reactivity and ability to induce cytotoxicity in
human tumor cell lines.

In the present study, we investigated the sensitivity of 6
human tumor cell lines to either U-73 or U-77. These com
pounds were found to be extremely potent and, in general, U-
77 was more toxic than U-73. U-77 was found to be able to
induce DNA interstrand cross-links in both naked and genomic
DNA. However, the concentrations required to induce DNA
interstrand cross-links in genomic DNA were extremely high.
The importance of this minor groove bifunctional lesion to the
cytotoxicity of U-77 remains unclear. The data obtained with
U-73 would suggest that a minor groove monofunctional DNA
adduci, if formed in genomic DNA, is also a potent cytotoxic
lesion.

MATERIALS AND METHODS

Chemicals and Reagents. U-73 and U-77 were kindly provided by the
Upjohn Company, Kalamazoo, MI. pBR322 DNA, Klenow fragment
of DNA polymerase 1, and restriction endonuclease fcoRI were pur
chased from Bethesda Research Laboratories. [Â«-"PjdATP was from

NEN. All other reagents were at least of analytical grade.
Cell Lines. HT-29 and BE human colon carcinoma cells and A549

and A427 human lung carcinoma cells have been maintained in this
laboratory for 10 years. The cisplatin-sensitive HCT8(S) and cisplatin-
resistant HCT8(R) were kindly provided by Dr. K. Scanion, City of
Hope Medical Center, Duarte, CA. All cell lines were maintained by
growing cells at 37Â°Cas monolayers in Eagle's minimum essential

media supplemented with 10% calf bovine serum, gentamicin (0.05
mg/ml), glutamine (0.03 mg/ml), 0.1 HIM nonessential amino acids,
0.1 mivi sodium pyruvate, and 0.02 M A'-2-hydroxyethylpiperazine-A''-
2-ethanesulfonic acid.

Drug Treatment. All compounds were dissolved in sterile dimethyl
sulfoxide immediately prior to treatment of cell cultures. Control
cultures were treated with dimethyl sulfoxide alone, and the concentra
tion never exceeded 2% (v/v). Drug treatment of cell cultures was
performed for either 2 or 6 h at 37Â°C,and treatments were terminated

by aspiration of the drug-containing media and replacement with fresh
media.

3The abbreviations used are: U-73, U-73,975 (adozelesin); U-77, U-77,779;
ACT, guanine O'-alkyltransferase; SSB. single-stranded breaks; ISC, interstrand
cross-linking; DPC, DNA-protein cross-linking.

4J. P. McGovren, personal communication.

6586

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6586/2445942/cr0510246586.pdf by guest on 19 M

ay 2023



DNA DAMAGE PRODUCED BY U-73AND U-77

U-73,975

OH OH

U-77,779
Fig. 1. Structures of CC-1065, U-73.975, and U-77,779.

/Â«Vitro Cytotoxicity Assays. Inhibition of the colony-forming ability
of the human tumor cell lines used in this study was assessed as
described previously (13).

Alkaline Elution Assays. Analysis of the DNA damage induced in
human tumor cells by each drug tested was performed by the technique
of alkaline elution. Details of the experimental conditions used for
these assays are identical with those previously described and will not
be elaborated further (14).

DNA Interstrand Cross-Linking in Plasmiti DNA. pBR322 plasmid
DNA was linearized by digestion with EcoRl and 3'-end labeled with
[a-"P]dATP (3000 Ci/mmol) and Klenow fragment of DNA polymer-

ase I. Unincorporated ATP was removed by precipitation of the DNA,
which was then resuspended in sterile distilled water. Approximately
10 ng of end-labeled DNA was incubated with U-77 in 25 mM trietha-
nolamine-1 mivi EDTA, pH 7.2, at 37Â°C.Reactions were terminated

by addition of an equal volume of stop solution (0.6 M sodium acetate-
1 mM EDTA-100 Mg/ml tRNA), and the DNA was precipitated by the
addition of 2 volumes of ethanol. The second-arm cross-linking reaction
was performed as recently described (15). Briefly, DNA was incubated
with 10 nM U-77 for 2 h (100 nM U-77 for 1 h), and the reaction was
terminated by ethanol precipitation. The dried DNA pellet was resus
pended in drug-free triethanolamine buffer (pH 7.2) and was further
incubated for 0-6 h before the incubation was terminated with stop
solution. Prior to electrophoresis, the samples were dissolved in 20 ^1
strand separation buffer (30% dimethyl sulfoxide-50% glycerol-1 mM
EDTA-0.01% bromophenol blue-0.01% xylene cyanol), then heated at
90Â°Cfor 2 min, and chilled immediately in an ice water bath. Control

nondenatured samples were not subjected to heating. Samples were
then loaded onto a 1.0% agarose gel (20 cm long) and electrophoresed
for 14-16 h at 40 V. The running buffer was 40 mM Tris, 20 mM acetic
acid and 2 mM EDTA (pH 8.1). Gels were dried onto Whatman 3-mm
filter paper at 80Â°Con a Bio-Rad model 583 gel drier connected to a

vacuum. Autoradiography was with X-OMAT AR film (Kodak) for 4-
24 h at -70Â°C using an intensifying screen. In certain experiments,

sharper images were obtained without the use of the intensifying screen.
The percentage of cross-linked (double-stranded) DNA was determined

by microdensitometry of the autoradiograph using an LKB ultrascan
XL laser densitometer.

RESULTS

Cytotoxicity of U-73 and U-77 to Human Tumor Cell Lines.
The in vitro Cytotoxicity of U-73 and U-77 to all human tumor
cell lines cells was measured based on reduced colony-forming
ability (Figs. 2 and 3). Our initial results were performed on
the AGT-deficient BE and AGT-proficient HT-29 human colon
carcinoma cell lines (Fig. 2). U-73 was 3-fold more cytotoxic
to the BE cells than the HT-29 cells. For instance, when the
time of drug exposure is 2 h, 20 pM U-73 produces a 1 log cell
kill in BE cells, with 60 pM required to produce the same degree
of cell kill in HT-29 cells. When the duration of U-73 drug
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Fig. 2. Inhibition of the colony-forming ability of HT-29 and BE human colon
carcinoma cells exposed to U-73 (top) or U-77 (bottom) for either 2 (left) or 6 h
(right). Points, means (ears, Â±SD)of triplicate determinations.
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Fig. 3. Inhibition of the colony-forming ability of HCT8(S) and HCT8(R)
human colon carcinoma cells (left) and AS49 and A427 human lung carcinoma
cells (right) exposed to either U-73 (top) or U-77 (bottom) for 2 h. Points, means
(bars, Â±SD)of triplicate determinations.
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exposure was increased to 6 h, the concentrations required to
produce a 1 log cell kill were decreased approximately 3-fold
(7 pM, BE; 27 pM, HT-29). U-77 was 3-fold more cytotoxic to
both cell lines than U-73, when the drug exposure was for 2 h,
although the preferential cytotoxicity to the AGT-deficient BE
cell line was still observed (Fig. 2). U-77 was also more cytotoxic
to both cell lines when the time of drug exposure was increased
from 2-6 h. It is interesting to note that, while 6-h drug
exposure of both cell lines to U-73 is 2- to 3-fold more cytotoxic
than 2-h drug exposure, a 6-h drug exposure to U-77 is 4- to 7-
fold more cytotoxic than 2-h drug exposure.

In a pair of AGT-proficient and AGT-deficient human lung
carcinoma cell lines, U-73 was more cytotoxic to the A549
(ACT proficient) than the A427 (ACT deficient) cell line (Fig.
3). In contrast to the results obtained with the monofunctional
U-73, U-77 was as toxic to the AGT-deficient A427 cells as the
AGT-proficient A549 cells. Finally, U-73 was also found to be
more cytotoxic to the cisplatin-sensitive HCT8(S) human colon
carcinoma cell line when compared to the cisplatin-resistant
HCT8(R) counterpart. U-77 was as toxic to the HCT8(R) as
the HCT8(S) cells, although a subset of HCT8(R) (0.2%) cells
appeared to be resistant to U-77 (Fig. 3).

DNA Damage in Human Colon Carcinoma Cells. In an at
tempt to understand the differential cytotoxicity observed in
the HT-29 and BE cells, we examined the ability of U-73 and
U-77 to induce DNA damage such as SSB, ISC, and DPC by
the technique of alkaline elution. The concentrations used for
this study produced approximately a 1, 2, and slightly >3 log
kills in both cell lines with a 2-h drug treatment. Fig. 4 shows
that the presence of DNA SSB could not be detected in either
cell line after a 2-h drug exposure to either U-73 (A and B) or
U-77 (C and Â£>),even at a concentration which produced a >3
log cell kill. Fig. 4 also shows that DNA ISC could not be
detected in either cell line after 2 h of drug exposure to U-77
(E and F). The results shown in Fig. 4 were for a 2-h drug
exposure followed by a 12-h drug-free incubation period. Sim
ilar data to that shown in Fig. 4 were obtained when a 2-h drug
exposure was followed by either 0, 6, or 18 h of drug-free
incubation (data not shown).

DNA ISC, however, could be detected when either BE or
HT-29 cells were exposed to U-77 for 6 h (Fig. 5), followed by
0, 6, 12 or 18 h of drug-free incubation. The level of ISC in
HT-29 cells was approximately 3-fold higher than that in BE
cells and did not appear to change during the time periods
assayed. It should be pointed out that HT-29 cells were treated
with drug concentrations (15, 30, 60 p\i) that were 3-fold
greater than those used in BE cells (5, 10, 20 pM). These
concentrations are much higher than those required to produce
a 1, 2, or 3 log cell kill in either cell line (Fig. 2), and the
significance of the results obtained remains unclear. DPC were
not detected at any time (0-18 h) after either a 2- or 6-h drug
exposure (data not shown).

DNA Interstrand Cross-Linking by U-77 in Plasmiti DNA.
Since DNA ISC was observed in cells only at extremely high
concentrations of U-77, the ability of this bifunctional agent to
induce DNA ISC in naked DNA was investigated. Specifically
the rate of total and second-arm cross-linking reactions were
measured in 4.4-kilobase linear pBR322 DNA as described
previously (15). Fig. 6 shows a concentration dependence study
of DNA ISC induced by U-77 in pBR322 DNA. The ability of
U-77 to induce DNA ISC under these conditions was first
observed at a concentration of 1 nM when the time of drug
exposure was 2 h. U-77, 100 nM, converted most of the single-
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Fig. 4. Alkaline elution assays to detect DNA SSB (A-D) or DNA ISC (E and
F) in HT-29 (A, C, and E) and BE (B, D, and F) human colon carcinoma cells.
Cells were exposed to either U-73 (A and B) or U-77 (C-F) for 2 h followed by
a 12-h drug-free incubation. Drug concentrations are as follows. A: controls (O),
50 pM (â€¢),100 pM (V), ISO pM (T); B, C, and E: controls (O), 15 pM (â€¢),30 pM
(V), 60 pM (T); D and F: controls (O), 5 pM (â€¢).10 pM (V), 20 pM (T). Experiments
were performed a minimum of three times and the profiles shown are represent
ative of the results obtained.

stranded DNA into double-stranded DNA, suggesting the pres
ence of at least one ISC adduci per fragment.

The overall cross-linking reaction may arise from the for
mation of an initial monoadduct followed by a second reaction
to form the cross-linked adduct. The rate of this second-arm
reaction was measured by incubating DNA with 10 nM U-77
for 2 h, removal of free drug by ethanol precipitation, and
postincubation in drug-free buffer for 0-6 h (Fig. 1C). Total
DNA cross-linking was measured by incubating DNA contin
uously with U-77 for a maximum of 6 h (Fig. 7A). The level of
total ISC was then compared with that observed in the second-
arm reaction. A 6-h continuous incubation with 10 nM U-77
showed that 92% of pBR322 DNA was cross-linked. In con
trast, 25% of pBR322 DNA was cross-linked after a 2-h incu
bation with 10 nM U-77, and this was increased 2-fold with a
subsequent 2-h drug-free incubation (Fig. 7). This suggests that
U-77 cross-links DNA by a two-step mechanism but that the
second-arm reaction is relatively rapid. Similar results were
obtained when pBR322 DNA was incubated with 100 nM U-
77 (data not shown). This 10-fold increase in drug concentration
did not appear to affect the level of cross-linked DNA observed
in the second-arm reaction. This implies that ethanol precipi
tation is sufficient to remove all noncovalently bound drug in
the reaction buffer.

DISCUSSION

The mechanism of action of the CC-1065 analogues U-73
and U-77 is thought to involve interaction with DNA (5, 16,
17). The majority of mechanistic studies with CC-1065 and
related cyclopropylpyrroloindole structures have utilized naked
DNA (6, 7, 17-19). In order to gain insight into the mechanism
by which U-73 and U-77 elicit their cytotoxicity, we examined
drug-induced DNA damage in two human colon carcinoma cell
lines by the technique of alkaline elution. We were unable to
detect the formation of any DNA damage, such as SSB, DNA
ISC, or DPC, in either cell line at pharmacologically relevant
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DNA DAMAGE PRODUCED BY U-73 AND U-77

Fig. 5. Alkaline elution assays to detect
DNA ISC in BE (bottom) and HT-29 (top)
human colon carcinoma cells. Cells were ex
posed to U-77 for 6 h followed by either 0 h
(A and fi), 6 h (C and D), 12 h (E and F), or
18 h (G and H) of drug-free incubation. Drug
concentrations are as follows. A, C, E, and G:
controls (O), 15 pM (â€¢),30 pM (V), 60 pM (T);
B, D, F, and H: controls (O), 5 pM (â€¢),10 pM
(V), 20 pM (T). Experiments were performed
a minimum of three times and the profiles
shown are representative of the results
obtained.
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Fig. 6. Detection of DNA ISC by an aga
rose gel electrophoretic assay as described in
"Materials and Methods." 3'-End-labeled
pBR322 DNA was incubated for 2 h with 0-1
JIMU-77. The presence of double-stranded (ds)
DNA in the drug-treated lanes is indicative of
the presence of DNA ISC. Results were quan
tified by densitometry. Ct, control; ss, single
stranded.

ss-DNA

concentrations (i.e., those required to produce a 1, 2, or 3 log
cell kill). It is conceivable that the sensitivity of the alkaline
elution technique may not be sufficient to detect genomic DNA
damage induced by these extremely potent compounds. Our
own results show that a 2-h exposure to 100 HMU-77 produced
a high level (>90%) of DNA interstrand cross-links (approxi
mately 1 cross-link per fragment) in a 4.4-kilobase pBR322
DNA fragment. Based upon this result one could predict that,
if the efficiency of alkylation is identical (naked DNA versus
genomic DNA), 10 pM of U-77 should produce a similar level
of DNA interstrand cross-linking in DNA that is 4.4 x IO7base

pairs in size. This is within the level of DNA ISC that can be
detected by alkaline elution (20), but the inability to detect
DNA ISC in cells exposed to 5-60 pM U-77 for 2 h suggests
that differences in the ability of these compounds to react with
naked and cellular DNA must exist. Indeed, previous work
using circular dichroism showed that the formation of CC-1065
DNA adducts in mouse chromatin DNA occurred to a lesser
extent than in isolated DNA (21).

Although one may question the pharmacological relevance
of the extremely high concentrations of U-77 required to pro
duce DNA ISC, they do serve to illustrate the ability of U-77
to cross-link DNA within cells, thus suggesting a potential
cytotoxic event. The level of DNA ISC, however, was propor
tional to the concentrations of U-77 used in both the HT-29
and BE cells, suggesting that the observed differential cytotox-
icity of U-73 and U-77 in these cell lines cannot be explained
by the formation of DNA ISC. Our work is in good agreement
with Zsido et al. (22) who, when using alkaline sucrose gra
dients, were only able to detect CC-1065 adducts when the
concentration used was 10-fold that required to produce a 1 log
cell kill.

Studies of the adaptive response of Escherichia coli to alkyl-
ating agents have shown that the ada gene encoding ACT is
coordinately regulated with the alkA gene which encodes for
the excision repair protein 3-aIkyladenine DNA glycosylase
(23). Whether such a relationship between these two repair
proteins exists in human cells and whether the adducts pro-
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monofunctional U-73 but not the bifunctional U-77. The re
sistant cell line was found to overexpress a number of enzymes
known to be involved in DNA repair and DNA replication,
such as DNA polymerase-a and -ÃŸ(26). One may speculate
that the HCT8(R) cells are resistant to cisplatin and U-73 as a
result of DNA repair processes which are able to remove and
repair either the monofunctional U-73 adduci or the cisplatin-
induced intrastrand cross-link. In contrast, these cells may be
as deficient as their sensitive parent cells in the ability to repair
the DNA interstrand cross-link induced by U-77.

In addition to DNA repair, there are many other possible
mechanisms by which the sensitivity of cell lines to the cytotox-
icity of these minor groove alkylating agents may differ. Moy
et al. (27) showed that the multidrug resistance phenotype,
which describes a drug efflux mechanism, was not responsible
for the development of a B16 melanoma cell line resistant to
the CC-1065 analogue, U-71,184. These authors did show,
however, that the lack of accumulation of drug (drug uptake)
was in part responsible for the development of drug resistance
(27). Furthermore, recent work by the scientists at Upjohn have
shown that distinct differences exist in the patterns of subcel
lular distribution between certain cyclopropylpyrroloindole an
alogues (28, 29). Whether this can account for the sensitivity
differences observed here is unknown at this time. The fact,
however, that the levels of DNA ISC observed in the resistant
HT-29 cells were similar to those found in the sensitive BE
cells, at equimolar concentrations, would suggest that no dif
ference in drug uptake, nuclear localization, and/or drug efflux
exists our cell lines.

0 1 6(h)
Fig. 7. Analysis of the total and second-arm reaction of U-77-induced DNA

ISC. 3'-End-labeled pBR322 DNA was incubated with 10 nut U-77 for 0-18 h
(A, total DNA ISC) or incubated in drug-free buffer for 0-6 h after an initial 2-h
drug treatment (C, second-arm reaction). B, densitometric analysis of the results.
O, total DNA ISC; â€¢¿�,second-arm reaction; Ct, control.

duced by U-73 and U-77 in these cells are substrates for the
glycosylase is currently unknown. If we assume that such a
glycosylase can recognize U-73 and U-77 DNA adducts, our
work would suggest that there is no relationship between the
AGT phenotype of cells and the ability to repair alkylations at
the adenine N3 position. Such a thought is supported by the
findings of Samson and Linn (24) who failed to find a relation
ship between the repair of N-3 methylguanine and/or N-3
methyladenine and the AGT phenotype in HeLa cells. In con
trast, a recent study by Matijasevic et al. (25) showed that the
constitutive levels of 3-alkyladenine DNA glycosylase were
higher in AGT-proficient than in AGT-deficient human glioma
cells. It may be that a relationship between AGT and the ability
to repair alkylations at the adenine N3 position exists in the
BE and HT-29 colon cells but not in the A549 and A427 lung
cells. Future studies which can determine the role that the
repair protein 3-alkyladenine DNA glycosylase may play in
protecting human cells from the cytotoxicity of these minor
groove alkylating agents are currently being performed.

The cisplatin-resistant cell line HCT8(R), when compared to
its sensitive parent cell line, was found to be resistant to the
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