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ABSTRACT

The potent AdrÂ¡amvein (ADR) analogue, 3'-(3-cyano-4-morphoIinyl)-
3'-deaminoadriamycin (CMA), produces DNA-DNA cross-links in hu

man and murine tumor cells. The cellular pharmacology of CMA, its
derivative, 5-imino-3'-(3-cyano-4-morpholinyl)-3'-deaminoadriamycin
(ICMA), 3'-(4-m<irpholinyl)-3'-dc-aminoiidrianiyi-iii (MA), and ADR was

evaluated in HT-29 human colon carcinoma cells to determine the struc
tural requirements for the cross-linking activity of CMA, and the role of
this activity in the antitumor effect of this agent. CMA was 50-fold more
cytocidal than ICMA to HT-29 cells, 300-fold more toxic than MA, and
150-fold more potent than ADR. Both CMA and ICMA produced DNA-
DNA cross-links in HT-29 cells but, consistent with its reduced cytotox-
icity, the Â¡minoderivative was 30-fold less active than CMA. No DNA-
DNA cross-links were observed with MA or ADR. CMA also showed
cross-linking activity in isolated HT-29 nuclei, indicating that cyto-
plasmic activation was not required for this effect. Both CMA and ICMA
produced cross-links in isolated X-phage DNA with CMA being 40-fold
more active than the imino derivative, and this activity was unchanged in
the presence or absence of a reducing agent. While MA and ADR
produced DNA strand breaks in HT-29 cells, this damage was not
observed with CMA and ICMA. This study indicates that the potent
antitumor activity of CMA may be related to its ability to induce DNA
cross-links, which can occur without the need for metabolic activation.
The cyanide group appears to be essential for cross-linking and the
quinone group may also be involved, but by a mechanism unrelated to its
reduction.

INTRODUCTION

The anthracycline antibiotics, ADR3 and DAU, are widely

used antitumor agents that are effective for the treatment of
acute leu kein ins. lymphe mÃas,and a variety of solid tumors (1,
2). However, the use of these agents is restricted by dose-
limiting cardiotoxicity (3), myelosuppression (4), and inactivity
against certain solid tumors (1, 2). In order to enhance the
antitumor activity and efficacy of ADR, a number of analogues
have been synthesized in which the C3' amine is replaced by a

morpholinyl or a substituted morpholinyl ring (5) (Fig. 1).
CMA is the most potent anthracycline yet developed against
human and murine tumor cell lines in vitro (6-8) and /';/ vivo

(5, 9), while retaining an equivalent therapeutic efficacy com
pared to ADR (5). In addition, CMA is noncardiotoxic at doses
required for antitumor effect in mice and rats (5, 8, 10), and
shows effectiveness against ADR-resistant human ovarian sar
coma and P338 leukemia cells in vitro (9, 10). These findings
suggest that CMA has a unique mechanism of action.

Recent studies have demonstrated that CMA and its DAU
analogue can act as alkylating agents, producing DNA-DNA

Received 6/8/87; revised 8/17/87; accepted 8/20/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by a grant from the Medical Research Council of Canada.
1To whom requests for reprints should be addressed, at Manitoba Institute of

Cell Biology. 100 Olivia St.. Winnipeg, Manitoba R3E OV9. Canada.
3The abbreviations used are: ADR, Adriamycin; DAU, daunorubicin; CMA.

3'-(3<yano-4-morpholinyl)-3'-deaminoadriamycin;ICMA, 5-imino-3'-(3-cyano-
4-morpholinyl)-3'-deaminoadriamycin; MA, 3'-(4-morpholinyl)-3'-deaminoad-

riamycin.

cross-links in human and murine tumor cell lines (11-14). This
activity has not been reported for ADR, DAU, or other anthra
cycline analogues, and may account for the enhanced potency
of CMA. Since other quinone-containing alkylating agents re
quire reduction of the quinone group for alkylating activity (15,
16), and displacement of the cyano group has been proposed
for the mechanism of action of Saframycin A (15), it has been
suggested that similar mechanisms may be important for CMA
(6). However, the structural requirements for cross-linking and
the role of this activity in the antitumor effect of CMA are still
unknown. In order to examine these questions, we have com
pared CMA, its 5-imino (ICMA) and decyano (MA) derivatives,
and ADR with respect to their cytotoxic activities and their
abilities to damage DNA in HT-29 human colon carcinoma
cells in vitro.

MATERIALS AND METHODS

Materials. CMA, ICMA, MA HC1, and ADR HC1 were obtained
from Dr. Edward M. Acton, M. D. Anderson Hospital, Houston, TX.
All drugs were dissolved in dimethyl formamide, stored in the dark at
-20Â°C and their purity confirmed by reversed phase high pressure

liquid chromatography (17). RPMI 1640 and bovine calf serum were
obtained from Gibco Laboratories, Grand Island, NY. [MC]Thymidine
(specific activity, 50 mCi/mmol) and [3H]thymidine (specific activity,

50 to 80 Ci/mmol) were obtained from New England Nuclear, Boston,
MA. Proteinase K was from E. Merck, Darmstadt, West Germany, and
tetrapropylammonium hydroxide was from Eastman Kodak Co., Roch
ester, NY. Polyvinylchloride filters (2 urn) were obtained from Millipore
Corp., Bedford, MA, and polycarbonate filters (0.8 and 2.0 i/m) were
obtained from Nucleopore Corp., Pleasanton, CA. A-Phage DNA was
obtained from Boehringer Mannheim, Dorval, Canada, and ethidium
bromide was from Calbiochem-Behring, La Jolla, CA. Nonidet P-40
and piperazine-/Vv/V'-bis(2-ethanesulfonic acid) were from Sigma

Chemical Co., St. Louis, MO.
Tissue Culture. Human colon carcinoma (HT-29) cells were grown

as monolayers in 25-cm2 Falcon plastic flasks at 37"C under 95%

air:5% CO2 in RPMI 1640 supplemented with 10% fetal bovine serum.
Initial cell inocula were 8.3 x IO3cells/ml and experiments were carried
out with log-phase (3 day) cells which have a doubling time of 25 h
(17).

Cell Viability. Cells were treated for 2 h with varying concentrations
of the analogues and cell viability was then measured by a soft agar
clonogenic assay, as previously described (17). Cell viability was ex
pressed as the percentage of surviving colonies from drug-treated cells,
relative to control cells, after correcting for the cloning efficiency which
ranged from 55 to 85%.

DNA Cross-Linking and Strand Breaks in HT-29 Cells. HT-29 cells
were incubated in vitro at 37'C with drugs for 2 h and were analyzed

for DNA-DNA cross-links, DNA-protein cross-links, DNA single
strand breaks, protein-associated single strand breaks, and DNA double
strand breaks by elution assays, as described previously (18-21). The
level of cross-linking was calculated as described by Kohn et al. (18).
The levels of single and double strand breaks were calculated from the
elution profile and were expressed as rad equivalents (dose of radiation
inducing an equivalent number of breaks), as determined from calibra
tion curves.

DNA Cross-Linking in HT-29 Nuclei. HT-29 nuclei were isolated by
treating cells with Nonidet P-40 in a piperazine-/V, W-bis(2-ethanesul-
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Fig. 1. Structures of the anthracyclines.

fonie acid) buffer as previously described (22). The isolated nuclei were
incubated in vitro at 37Â°Cwith CMA for 2 h. DNA-DNA cross-linking

was measured by alkaline elution (18, 21).
Cross-Linking in X-Phage DNA. Isolated X-phage DNA (l A..,.â€ž)was

incubated in vitro at 37"C with CMA or ICMA in the presence or

absence of 3 HIMdithiothreitol. DNA cross-linking was measured by
the ethidium bromide fluorescence assay (16). Cross-linking was ex
pressed as percentage of cross-linking (maximum percentage of return
of fluorescence after heat denaturation). The relative cross-linking
activity of CMA and ICMA was obtained from the ratio of the slopes
of the linear regression lines of the concentration-response curves.

RESULTS

Cytocidal Activity. The effects of the anthracycline analogues
on cell viability of HT-29 cells and the drug concentration
required to reduce cell viability by 90% are shown in Fig. 2 and
Table 1. After a 2 h-drug exposure at 37Â°Cin vitro, CMA was

50-fold more cytocidal to HT-29 cells than ICMA, 150-fold
more toxic than ADR, and 300-fold more potent than MA.

DNA Cross-Linking in HT-29 Cells. HT-29 human colon
carcinoma cells were incubated in vitro at 37Â°Cwith CMA,

ICMA, MA, or ADR for 2 h, and the cells were analyzed for
DNA cross-links by alkaline elution (Fig. 3). CMA produced
concentration-dependent DNA-DNA cross-links, reaching a
level of 183 rad equivalents at 40 nM in the elution assay with
proteinase K. Using the same assay, ICMA also produced
concentration-dependent DNA-DNA cross-linking, reaching
276 rad equivalents at 4 /Â¿M.With both CMA and ICMA the
absence of proteinase K in the elution assay produced no
additional cross-linking. MA and ADR did not produce DNA-
DNA cross-linking at a drug concentration of 5 /IM; however,
DNA-protein cross-links were observed with both drugs when
the elutions were carried out in the absence of proteinase K.

DNA Cross-Linking in HT-29 Nuclei. HT-29 nuclei were
incubated with drugs at 37Â°Cfor 2 h and DNA-DNA cross-

linking was analyzed by alkaline elution (Fig. 4). CMA pro
duced concentration-dependent DNA-DNA cross-linking,
reaching a level of 343 rad equivalents at 40 HM.However, this
result was not statistically different from the level of cross-links
produced by the same concentration of CMA in whole cells. In

10
5x10-'Â° 5x10-Â» 5x10-' 5x10-' 5x10''

DRUG CONCENTRATION
Fig. 2. Cell viability of HT-29 cells following treatment with the anthracy

clines. Cells were treated with drug for 2 h at the concentrations shown (M) and
cell viability was then assessed by a soft agar clonogenic assay, as described in
"Materials and Methods." Points, mean of 3-4 duplicate experiments; bar\, SE.

Table 1 Cytocidal activities and DNA cross-linking by anthracycline analogues
in HT-29 cells and isolated \-phage DNA

DrugADR

CMA
ICMA
MALDM

(M)"3

x IO"7
2x 10-Â»
1 x 10-'
6 x IO'7Relative

cytocidal
activity*0.007

1
0.020
0.003Relative

cross-linkingactivityHT-29

cells'0

10.033

0X-Phage

DNA'10.025

" HT-29 cells were treated with drug at .17V for 2 h and cell viability was
assessed by a soft agar clonogenic assay, as described in "Materials and Methods."

LDgo, drug concentration required to reduce cell viability by 90%.
* The relative cytocidal activity was obtained from the ratio of the 1,1)*, of

CMA to that of the drug.' HT-29 cells were treated with drug at .17v for 2 h and DNA cross-links were
determined by elution assay, as described in "Materials and Methods." The

relative activity was determined by the ratio of the slope of the concentration
versus cross-linking plot of the anthracycline analogue to that of CMA (Fig. 3).

'' X-Phage DNA was incubated with drug at 37*C and DNA cross-linking was
measured by the ethidium bromide fluorescence assay, as described in "Materials
and Methods." The relative activity was obtained from the ratio of the slope of
the concentration versus cross-Unking plot of drug to that of CMA (Fig. 5).

contrast, MA and ADR did not produce any DNA-DNA cross
links at concentrations as high as 4 /Â¿M.

Cross-Linking in Isolated X-Phage DNA. Isolated X-phage
DNA was incubated with CMA or ICMA at 37Â°Cin the

presence or absence of 3 mM dithiothreitol. DNA cross-linking
was measured by the ethidium bromide fluorescence assay (Fig.
5). CMA produced concentration-dependent cross-linking,
reaching a level of 93% at a drug concentration of 2.4 pM.
ICMA was 40-fold less active than CMA and produced 96%
cross-linking at a drug concentration of 80 Â¿IM.The presence
of the reducing agent, dithiothreitol, in the incubation medium
did not potentiate DNA cross-linking by either drug.

DNA Single Strand Breaks in HT-29 Cells. HT-29 cells were
incubated at 37Â°Cfor 2 h with CMA, ICMA, MA, or ADR,

and the cells were analyzed for DNA single strand breaks by
alkaline elution assay, with or without proteinase K. CMA and
ICMA did not produce any single strand breaks, with or without
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Fig. 3. Cross-linking by CMA and ICMA in HT-29 cells. Cells were incubated
with CMA or ICMA at 37'C for 2 h at the concentrations shown and cross-

linking was measured by alkaline elution assays with or without proteinase K, as
described in "Materials and Methods." Points, mean of 2-6 determinations; bars,

SE.
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Fig. 4. Cross-linking by CMA in HT-29 nuclei. Nuclei isolated as previously
described (22) were incubated with CMA at 37'C for 2 h at the concentrations
shown and cross-linking was measured by the alkaline elution assay with protein
ase K as described in "Materials and Methods." Points, mean of 4 determinations;

bars, SE.

proteinase K, at drug concentrations of 40 nM and 4 n\i,
respectively. In the presence of proteinase K, 5 MMMA and
ADR produced 490 and 88 rad equivalents of protein-associated
single strand breaks, respectively. At the same drug concentra
tion, MA also produced a small number of breaks in the absence
of proteinase K.

DNA Double Strand Breaks in HT-29 Cells. HT-29 human
colon carcinoma cells were incubated at 37Â°Cfor 2 h with

CMA, ICMA, MA, or ADR, and cells were analyzed for DNA
double strand breaks by the neutral elution assay. No double
strand breaks were produced in cells treated with CMA, ICMA,
or MA at concentrations of 40 nM, 4 MM,and 5 MM,respectively.
However, cells treated with 5 MMADR showed 754 rad equiv
alents of DNA double strand breaks.

DISCUSSION

It has been suggested that the potent cytocidal activity of
CMA may be due to a mechanism that is different from other
anthracyclines (6). CMA appears to be equally effective in

CMA
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O WITHOUT CXTHOTHHEfTOL
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Fig. 5. Cross-linking by CMA and ICMA in isolated X-phage DNA. X-Phage
DNA (1 AÂ»Â»)was incubated with CMA or ICMA at 37*C in the presence or

absence of 3 HIMdithiothreitol. Aliquots were removed at timed intervals and
assayed for cross-linking by the ethidium bromide fluorescence assay (16). Cross-
linking is expressed as percentage of cross-linking (maximum percentage of return
of fluorescence after heat denaturation). Points, mean of 5 determinations; bars,
SE.

ADR-resistant and -sensitive human ovarian sarcoma and P388
leukemia cells in vitro (9, 10). In addition, several reports have
shown that CMA is a potent alkylating agent that is capable of
producing DNA-DNA cross-links in human and animal tumor
cells (11-14). However, the role of this activity in the cytotox-
icity of CMA and the structural requirements for the cross-
linking activity were unknown. In the present study, the inter
actions of CMA, ADR, and other ADR analogues (Fig. 1) with
DNA in HT-29 human colon carcinoma cells were examined
and correlated with their antitumor effects. The decyano deriv
ative, MA, was studied to evaluate the effect of the cyanide
group, while a comparison with ADR was used to determine
the role of the morpholino group in these activities. A compar
ison was also made with ICMA to determine if a freely reducible
quinone group is required for CMA cross-linking.

Since only the cyano-containing analogues, CMA and ICMA,
were able to produce DNA-DNA cross-linking in HT-29 cells,
it appears that the cyanide group is essential for this activity
(Fig. 3). The 30-fold lower cross-linking activity of ICMA
compared to CMA (Table 1) showed that the quinone group
was also involved in this activity. CMA showed cross-linking
activity in nuclei (Fig. 4), demonstrating that cytoplasmic acti
vation is not required for this effect. Furthermore, since both
CMA and ICMA produced cross-linking in isolated DNA, and
the activity was unchanged in the presence or absence of the
reducing agent dithiothreitol (Fig. 5), it appears that CMA does
not require metabolic activation or reduction of the quinone
group for this effect. As CMA remained 40-fold more active
than ICMA in the presence of the reducing agent, the quinone
group must play an additional role in modulating this activity.
One possibility is that cross-linking by CMA and ICMA may
require prior intercalation into the DNA. It has been shown
that intercalation of anthracyclines into DNA is hindered by a
5-imino substitution (5); thus, the lower cross-linking activity
of ICMA compared to CMA may be due, in part, to reduced
intercalation.

The reduced DNA cross-linking by ICMA versus CMA was
paralleled by a similar reduction in cytotoxicity (Table 1),
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indicating a relationship between cross-linking and antitumor
effect. This hypothesis is supported by recent evidence that ES-
2 human ovarian carcinoma cells resistant to CMA showed
cross-resistance to alkylating agents but not to ADR and dan
nom hit-in(23). Additionally, we have found that LSI 78Y cells
resistant to the alkylating agent HN2 were cross-resistant to
CMA.4

No increase in cross-linking was observed with CMA and
ICMA when proteinase K was not used in the elution assay,
showing that these analogues did not produce DNA-protein
cross-links. The formation of such lesions with ADR and MA,
however, is similar to previous observations with anthracyclines
(24) and may result from the trapping of topoisomerase II
enzymes, by these agents, within DNA cleavage complexes
involvedin the interconversion of DNA conformational isomers
(25, 26). This mechanism may also account for the protein-
associated DNA strand breaks (27) observed with ADR and
MA. MA also produced some DNA single strand breaks in the
absence of proteinase K and this may have resulted from the
action of oxygen-free radicals generated by oxidation-reduction
reactions of the quinone group (28, 29). Similar effects were
not observed with CMA and ICMA, which may have been due
to the masking of these lesions by cross-links (18), the low
concentration of CMA used, and/or the reduced ability of
imino-substituted anthracyclines to generate free radicals (30).

In summary, this study has provided evidence that the en
hanced cytocidal activity of CMA compared to ADR is due to
the DNA-DNA cross-linking ability of this analogue. The cya
nide group appears to be essential for both the cross-linking
and potent cytotoxic activity. In addition, the quinone group
may also be involved in these effects, although neither exoge
nous reduction of this group, nor metabolic activation of the
drug, is required for activity. Additional studies are required to
confirm the role of DNA cross-linking in the antitumor activity
of CMA and to clarify the role of the quinone group.
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