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ABSTRACT

The new Adriamycin (ADR) analogue, 3'-(3-cyano-4-morpholinyl)-3'-

deaminoadriamycin (CMA), is the most potent anthracycline yet devel
oped. The cellular pharmacology of CMA and .V-(4-morphulmyl)-.V-
deaminoadriamycin (MA), and their 5-imino derivatives, ICMA and
IMA, were compared with ADR in a human colon carcinoma (HT-29)

cell line in vitro. In a soft agar clonogenic assay, the order of antitumor
activity was CMA>ICMA>ADR>MA>IMA, for both 2- and 24-h drug

exposure periods, indicating a requirement for the cyanide group and an
intact quinone ring for the potent antitumor effect of CMA. The cellular
uptake of CMA was 2-fold less than that of MA, although, consistent

with its greater nuclear binding, the degree of efflux of CMA was less
than that of MA. The order of cytotoxicity of the analogues correlated
approximately with their effects on cellular DNA synthesis, indicating
that this feature may contribute to the antitumor effect. Using isolated
nuclei, the order of inhibition of DNA transcription by the analogues was
( M A>M Y> AI >R, which was similar to their nuclear affinities, suggest
ing that their effects on cellular nucleic acid synthesis were due to a
direct interaction of drug with DNA. However, CMA did not appear to
differ from the other drugs in its base specificity as all the analogues
preferentially inhibited Escherichia coli RNA polymerase activity di
rected by poly(dAdT) â€¢poly(dAdT) compared to poly(dGdC) â€¢poly(dGdC).

INTRODUCTION

To enhance the antitumor activity and efficacy of the anthra
cycline drug, ADR,3 a series of analogues have been synthesized
in which the C3' amine is replaced by a morpholinyl or a

substituted morpholinyl ring (1). This chemical modification
would predictably produce lipophilic derivatives with enhanced
cellular uptakes, but would retain the C.V basicity and thus
preserve the facility to bind electrostatically to the phosphate
backbone of DNA and to membrane phospholipids (2). Both
of these activities appear integral for antitumor activity and
may produce cell death through the inhibition of nucleic acid
synthesis (3-6) and the disruption of cell membranes (7-10).
One analogue, CMA, is the most cytotoxic anthracycline yet
developed, both against human and murine tumor cell lines in
vitro (11-13) and in vivo (1, 14), while retaining an equivalent
therapeutic efficacy compared to ADR (1). Additionally, pre
liminary studies suggest that CMA has a therapeutic advantage
over ADR in being noncardiotoxic in rats at equivalent ant itu-

mor doses ( 1).
It has been suggested that CMA may have a unique mecha

nism of antitumor activity because it is as cytotoxic to ADR-
resistant tumors as to ADR-sensitive tumors (11-14). The
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mechanism of antitumor action of CMA has been related to its
potent effects on nucleic acid synthesis (11), although it has a
lower capacity than ADR to intercalate with calf thymus DNA
(1). This latter feature has been attributed to the drug's lower

C.V basicity, presumably resulting from the presence of the
cyanide group (1). The mechanism of action of CMA may be
similar to that of the antibiotic Saframycin A (11), which is
structurally similar to CMA in having a cyanide group linked
to a heterocyclic ring and a quinone (15-17), and is also a
potent antitumor agent and an inhibitor of nucleic acid synthe
sis (15). Saframycin A binds covalent ly to guanine in DNA
following elimination of the cyanide group, a process that is
potentiated by reduction of the quinone ring (15-17). Recent
studies have suggested that CMA also binds cuvaient ly to DNA,
for it remains linked to DNA following the extraction of DNA
from CMA-treated hepatoma cells (18) and forms DNA cross
links in these cells (18) and in human colon carcinoma (HT-
29) cells (19). However, it has not been determined if CMA
shows base specificity in its interaction with DNA.

In this present study we have examined the requirement for
the presence of a cyanide group and a freely reducible quinone
ring, for the pharmacological properties of CMA. CMA, its
decyano derivative, MA, and their 5-imino analogues, ICMA
and IMA, respectively, were compared with ADR (Fig. 1) in
HT-29 cells in vitro with respect to pharmacodynamics and
effects on nucleic acid synthesis and cell viability. In addition,
the possibility that CMA shows base specificity in its interaction
with DNA has been explored.

MATERIALS AND METHODS

Materials. RPMI1640 medium and fetal bovine serum were obtained
from GIBCO, Grand Island, NY. [3H]Uridine (specific activity, 26.2
Ci/mmol), [OTifAy/-l4C]thymidine (specific activity, 53.2 mCi/mmol),
[8,5-3H]GTP (specific activity, 38.8 Ci/mmol), and [5,6-3H]UTP (spe

cific activity, 45.0 Ci/mmol) were purchased from New England Nu
clear, Boston, MA. Escherichia coli RNA polymerase was obtained
from Sigma Chemical Co., St. Louis, MO. Poly(dAdT) â€¢poly(dAdT)
and poly(dGdC) â€¢poly(dGdC) were purchased from Boehringer Mann
heim Corp., Dorval, Canada. ADR HC1, CMA, MA HC1, ICMA, and
IMA HC1 were obtained from Dr. Edward M. Acton, M. D. Anderson
Hospital, Houston, TX. All drugs were dissolved in dimethylformam-
ide, stored in the dark at â€”20Â°C,and their purity was confirmed by

reversed-phase high-pressure liquid chromatography (2).
Tissue Culture. Human colon carcinoma (HT-29) cells were grown

as monolayers in 25-cm2 Falcon plastic flasks at 37Â°Cunder 95%

air:5% CO2 in RPMI 1640 medium supplemented with 10% fetal bovine
serum. Initial cell inocula were 8.3 x 10' cells/ml and experiments

were carried out with log-phase (3 day) cells which have a doubling
time of 25 h (2).

Isolation of Nuclei. HT-29 cell nuclei were isolated as previously
described (20). Cells were incubated with 0.5% trypsin in EDTA and
at 5 min the reaction stopped by the addition of 10 ml RPMI 1640
with 10% fetal bovine serum. Cells were pelleted with 40 ml Buffer A
[10 mM 1,4-piperazineethanesulfonic acid buffer, pH 7.0,150 IHMKCI,
5 IHMMgClj, l IHMEDTA, and l mM ethyleneglycol bis(/3-aminoethyl
ether)-7vyvyV',Ar',-tetraacetic acid] and resuspended in I ml of Buffer

A. Cell lysis was carried out by the addition of 9 ml of Buffer A
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Fig. 1. Structures of the anthracycline analogues.

containing 0.1 % NP-40 followed by 40 ml of Buffer A. The nuclei were
then pelleted by centrifuging at 800 x g for 5 min.

Cell Viability. Cells were treated for 2 or 24 h with varying concen
trations of the analogues and cell viability was then measured by a soft-
agar clonogenic assay, as previously described (2). Cell viability was
expressed 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%.

Cellular Uptake. Cells were incubated in RPMI 1640 medium sup
plemented with 10% fetal bovine serum and were exposed to 1 MM
concentrations of CMA, MA, or ADR. The anthracyclines were ex
tracted from the cells at various times with ice-cold 0.3 N HC1: 50%
ethanol, after disruption of the cells using a glass Teflon homogenizer.
The anthracycline concentrations in the extracts were measured by
fluorometry and the cellular drug concentration expressed as pmol
drug/Mg DNA (2). Cell viability was measured by trypan blue exclusion
for periods of up to 24 h following exposure to 1 MMdrug, and the cells
excluded trypan blue at all the time points examined. The zero time
point was not subtracted from the other uptake points.

Cellular Efflux. Cells were incubated for 2 h with I-MMconcentrations
of CMA, MA, or ADR. Following incubation, the flasks were washed
three times with 10 ml of phosphate buffered saline (0.8 mM
KH2PO4:6.6 mM Na2HPO4:0.154 M NaCl, pH 7.4) at 37Â°Cand the
cells reme-ubatoci in 10 ml of fresh medium. The cellular content of

drug was then sequentially measured, as described above.
Nuclear Drug Concentrations. The nuclear affin itÂ¡esof the analogues

were measured as previously described (2, 21). HT-29 cells were treated
with 1 nM ADR, CMA, or MA for 2 h and the nuclei isolated as
described above. The anthracycline was extracted from the nuclei using
0.3 N HCI:50% ethanol and the nuclear concentration calculated as
described above and expressed as a fraction of the total cellular concen
tration (2, 21).

Nucleic Acid Synthesis. DNA and RNA synthesis were estimated by
the incorporation of [14C]thymidine and [3H]uridine into acid-insoluble

macromolecules during the last hour of drug treatment, as previously
described (2). The incorporation of [l4C]thymidine (DNA synthesis)
and [3H]uridine (RNA synthesis) in drug-treated cells was expressed as

a percentage of the incorporation in control cells.
RNA Synthesis in Isolated Nuclei. HT-29 cell nuclei were isolated,

as described above, and RNA synthesis was measured by the incorpo
ration of [3H]UTP into acid-insoluble molecules, as previously de

scribed (22). The incubation mixture contained 5 x IO6nuclei and in a

total volume of 0.2 ml: 2.5 mM MgCl2; 1.6 mM MnCl2; 150 mM
(NH4)2SO4; 40 mM Tris HC1 (pH 7.9); 1.6 mM dithiothreitol and the
anthracycline dissolved in water. The mixture was incubated for 7 min
at 37Â°Cand the reaction stopped by the addition of 1 ml of 10%

trichloroacetic acid: 2% sodium pyrophosphate. The assay mixtures
were precipitated on Whatman GF/B glass fiber discs wetted with 10%
trichloroacetic acid:2% sodium pyrophosphate, washed twice with 10%
trichloroacetic acid:2% sodium pyrophosphate and twice with 95%
ethanol, and the radioactivity of the dried filters was determined follow
ing their addition to scintillation fluid. The incorporation of isotope
into drug-treated nuclei was expressed as a percentage of the incorpo
ration into control nuclei.

E. Coli RNA Puh nierase Activity. The effects of the anthracycline
analogues on E. coli RNA polymerase activity was assessed as previ
ously described (11). The incubation mixtures contained in a total
volume of 0.2 ml: 2.5 mM MgCI2; 1.6 mM MnCl2; 150 mM (NH4)2SO4;
40 HIMTris HC1 (pH 7.9); 1.6 mM dithiothreitol; and the anthracycline
dissolved in water. The poly(dAdT)-poly(dAdT)-primed reactions con
tained 0.1 A260nm units of poly(dAdT) â€¢poly(dAdT), 100 MMATP, 5
UM UTP, and 1 /iCi [5,6-3H]UTP. Poly(dGdC) poly(dGdC)-primed
reactions contained 0.1 A260nm units of poly(dGdC) â€¢poly(dGdC), 100
MMCTP, 5 MMGTP, and 1 MCi[8,5-3H]GTP. The assay were initiated

by the addition of 0.5 units of E. coli RNA polymerase and following
15 min incubation at 37Â°Cthe reactions were stopped by the addition

of 1 ml of ice-cold 10% trichloroacetic acid:2% sodium pyrophosphate.
The assay mixtures were precipitated on Whatman GF/B glass fiber
discs wetted with 10% trichloroacetic acid:2% sodium pyrophosphate,
washed twice with 10% trichloroacetic acid:2% sodium pyrophosphate
and twice with 95% ethanol, and the radioactivity of the dried filters
was determined by liquid scintillation spectrometry. For each template
the isotope was still being incorporated into acid-insoluble molecules
at a linear rate at 15 min. The incorporation of isotope in the drug-
containing assays was expressed as a percentage of the incorporation
in the control assays.

RESULTS

Cytocidal Activity. The effects of the anthracycline analogues
on cell viability and their LD90 values are shown in Fig. 2 and
Table 1. Following 2 h drug exposure, CMA was 150-fold more
cytocidal than ADR and 300-fold more potent than MA. The
5-imino derivative of CMA, ICMA, was 50-fold less cytocidal
than CMA, whereas IMA was approximately 10-fold less potent
than MA. The order of potency at 2 h was thus:
CMA>ICMA>ADR>MA>IMA. Prolonging the drug expo
sure period to 24 h enhanced the antitumor activity of the
anthracyclines but their order of potency remained unchanged.
As shown in Fig. 3, the relative cytocidal activities of the
analogues were unchanged when cell lethality was considered
as a function of drug concentration x exposure time.

Cellular Uptake and Efflux and Nuclear Binding. The cellular
uptake and efflux of ADR, CMA, and MA in HT-29 cells are
shown in Fig. 4. The uptake of 1 /Â¿Mconcentrations of the
anthracyclines was initially rapid and plateaued after l h with
the cellular concentrations of MA, CMA, and ADR at 2 h,
being 48, 34, and 11 pmol/pg DNA, respectively. The cellular
concentrations of the drugs increased in parallel over the en
suing 22 h. Following a 2-h exposure to 1 pM drug with
subsequent incubation in drug-free medium, 50% of MA and
70% of ADR effluxed in 24 h. However, only 20% of CMA
egressed during this time. The nucleanwhole cell drug concen
tration ratios for 2 h for ADR, MA, and CMA were 0.50 Â±
0.07, 0.63 Â±0.03, and 0.70 Â±0.06, respectively. Each value
represents the mean Â±SD of nine or 10 determinations.

Nucleic Acid Synthesis. The drug concentrations required to
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Fig. 2. Cell viability of HT-29 cells follow
ing treatment with the anthracycline ana
logues. Cells were treated with drug for 2 h (A)
or 24 h (B) and cell viability then assessed by
a soft agar clonogenic assay as described in
"Materials and Methods." Points, mean Â±SD

of three to four duplicate experiments; bars,
SD. On occassion the confidence limits were
too small to be shown.
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Table l LD*,' values for cell viability

The LDW values were derived from Fig. 2.

LDÂ« (M)

DrugADRCMA

ICMA
MA
IMA2-h

Treatment3
X 10-'

2 x 10"'
1 X IO-7
6 x IO"7

>5 x IO"*24-h

Treatment5
x IO'8

1 x IO'10
1 x 10-'
6 x 10-'
3 x 10-'

" LDÂ»o,drug concentration required to reduce cell viability by 90%.

produce a 50% reduction in DNA and RNA synthesis (IC50)
are shown in Table 2. Following a 2-h incubation period, ADR
and IMA inhibited DNA and RNA synthesis to an equivalent
extent, whereas CMA, ICMA, and MA were 3- to 8-fold more
potent inhibitors of RNA synthesis versus DNA synthesis.
Prolonging drug exposure to 24 h enhanced the effect of CMA
and ICMA on DNA synthesis 75- and 50-fold, respectively, but
the potency of the other anthracyclines was increased only 2-
to 8-fold. Prolonging the drug exposure period produced little
or no enhancement on the effects on RNA synthesis. For both
the 2- and 24-h exposure periods, the cytocidal activity of the
analogues most closely paralleled their effects on DNA synthe
sis.

RNA Synthesis in Isolated Nuclei. The effects of CMA, MA,
and ADR on RNA synthesis in isolated HT-29 nuclei is shown
in Fig. 5. The IC50 for CMA, MA, and ADR were 3.5 x KT5
M, 1.5 x 10~4M, and 3 x 10~4M, respectively.

E. coli RNA Polymerase Activity. The effects of the analogues
on E. coli RNA polymerase activity, directed by poly(dAdT)-
poly(dAdT) or poly(dGdC)-poly(dGdC), are shown in Table 3.
All the anthracyclines were 2- to 5-fold more effective inhibitors
of RNA synthesis when transcription was directed by
poly(dAdT)-poly(dAdT), rather than poly(dGdC) â€¢poly(dGdC).
ADR, CMA, MA, and IMA were approximately equipotent
inhibitors whereas ICMA was 25- to 30-fold less potent than
CMA.

DISCUSSION

Initial studies have shown that CMA is less cardiotoxic than
ADR (1, 13) and is active against ADR-resistant tumors (12-

5x10'* 5x10-'Â° 5x10-Â» 5x10-' 5x10-' 5x10-Â«
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Fig. 3. Effect of the anthracyclines on the viability of HT-29 cells as a function
of drug concentration x exposure time. Results were calculated using the data in
Fig. 2.

14) suggesting that this ADR analogue may act through a
different mechanism than the parent drug. More recently, this
postulate has been supported by the finding that CMA, but not
ADR, forms DNA cross-links in a number of different tumor
cell lines (18, 19). In the present study we have examined the
roles of the cyanide group and an intact quinone group in the
activity of CMA to determine if this drug may act through a
mechanism resembling that proposed for Saframycin A (14-
16). To achieve this aim, the pharmacological properties of
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TIME AFTER DRUG ADDITION (hr) TIME AFTER DRUG REMOVAL (hr)

Fig. 4. Cellular uptake and efflux of the anthracycline analogues. A, uptake of
drug after incubation of I IT- 29 cells with 1 Ã•/Mdrug. At the times indicated the
cellular content of drug was determined as described in "Materials and Methods."

H, efflux of drug after preincubation for 2 h with 1 /IM drug. Points, mean Â±SD
of three to four duplicate experiments; Ã©ara,SD. On occasion the confidence
limits were too small to be shown.

Table 2 /CMÂ°values for DNA and UNA synthesis

HT-29 cells were treated with varying concentrations of the anthracycline
analogues for 2 or 24 h and DNA and RNA synthesis was estimated by the
incorporation of [>4C]thymidine and [3H]uridine into acid-insoluble macromole-
cules during the last h of drug exposure, as described in "Materials and Methods."
Each value represents the K Mivalue of dose-response curves obtained from the
means of three to four duplicate experiments.

1C*, (M)

2-h Treatment 24-h Treatment

Drug DNA RNA DNA RNA

ADRCMAICMAMAIMA4x10-3x
10-3x
10-2x
10-7x

10-3x

10-1
x10-4x

10-7x
10-5x

10-5

x10-'4x
10-"6
x10-'Â°7
x10-Â«4
x IO"75

x10-'4
x10-'Â°2
x10-'7
x10-Â«5
x IO'7

" 1CÂ»,drug concentration producing 50% inhibition of precursor incorporation

into acid precipitable macromolecules.
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80
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40
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5x10-' | 2.5x10-Â«5x1 0-" | 2.5x15-*
10-" 1Ã›-Â«

0^| 25x10-*5x10~
1O-*

DRUG CONCENTRATION (M)

Fig. 5. Effect of the anthracyclines on RNA synthesis in isolated HT-29
nuclei. Assays are carried out as described in the text. Points, mean Â±SD of three
or four duplicate experiments; bars, SD.

Table 3 ICXÂ°values for E. coli RNA poly merose activity

The transcription assays using /.. coli RNA polymerase and poly(dAdT)-
poly(dAdT) or poly(dGdC) â€¢poly(dGdC) were carried out as described in "Mate
rials and Methods." The 1C*, values were obtained from the dose-response curves

using the means of three or four duplicate experiments.

1CÂ»(M)

Drug poly(dAdT) -poly(dAdT) poly(dGdC) â€¢poly(dGdC)

ADR
CMA
ICMA
MA
IMA

1 x 10-'
2x 10-
5 x 10-
6 x 10-
7 x 10-

4x 10-Â«
8 x 10-Â«

2.5 x 10-
2.5 x 10-'
2.5 x 10-'

CMA were compared to those of the decyano derivative, MA,
and the 5-imino derivative, ICMA (Fig. 1). It has previously
been shown that a 5-imino substitution increases the resistance
of the quinone group to reduction (23, 24) and diminishes the

4079

" 1CÂ»,drug concentration required to inhibit transcription by 50%.

DNA intercalative capacity of CMA and MA to an equivalent
degree, as assessed by the effect of the analogues on the melting
temperature of calf thymus DNA (1).

The present study has demonstrated that the cyanide group
is necessary for the high potency of CMA, and modifying the
quinone ring, by a S-imino substitution, markedly reduces the
activity of CMA and has a lesser effect on the activity of MA
(Fig. 2, Table 1). These data indicate a general requirement for
the quinone ring in the activity of the morpholinyl derivatives,
but, as with Saframycin A (14-16), the quinone may have a
more specific role in CMA activity. Despite differences in
potency, the analogues were similar in showing a good corre
lation between drug concentration x exposure time and effects
on cell lethality thus indicating no significant differences in the
temporal dependence of the cytotoxicity of these agents. Stree-
ter et al. (12) previously observed that a 5-imino substitution
markedly reduced the cytostatic potential of CMA against P388
leukemia in vitro, but found an identical decrement in activity
when MA was similarly modified. The discrepancy between
these results and those of the present study may be related to
the former investigation having evaluated the growth-inhibitory
capacity of the analogues, as opposed to their cytocidal activity.

To explain the differences in the cytocidal activities of CMA
versus MA, the cellular pharmacodynamics of the analogues
were evaluated in HT-29 cells (Fig. 3). The cellular uptake of
CMA was 3-fold greater than that of ADR, but this feature
alone did not explain the potent antitumor activity of CMA as
the less cytotoxic MA was taken up to an even greater extent
(Fig. 4). The increased uptake of the analogues compared to
ADR may be attributed to their high lipid solubilities (1, 25-
27). Compared with ADR and MA, a greater fraction of CMA
remained in the cells in efflux experiments, and this was con
sistent with its higher nuclear affinity, which may be explained
by its covalent binding to DNA (18, 19). The order of cytotox
icity of the anthracyclines correlated well with the inhibition of
DNA synthesis, both at the 2- and 24-h drug exposure periods,
suggesting that this effect may contribute to antitumor activity.
The effects of the anthracyclines on cellular nucleic acid syn
thesis appeared to be a direct effect, rather than a nonspecific
response to cell damage, as the inhibition of DNA transcription
in isolated nuclei by CMA, MA, and ADR correlated with their
nuclear binding and effects on whole cell RNA synthesis. Al
though ADR inhibited DNA and RNA synthesis to the same
extent, CMA was a more potent inhibitor of RNA synthesis,
but this was also observed with MA and other sugar-amine
modified anthracyclines, such as jV-alkyl derivatives (28) and
the morpholinyl and methoxypiperidinyl derivatives of 3'-

deaminodaunorubicin (2). Thus, preferential inhibition of RNA
synthesis may be a general phenomenon associated with a C3'

amine substitution and is probably unrelated to the cyanide
group.

It has recently been demonstrated that CMA forms DNA-
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DNA cross-links Â¡nHT-29 cells in vitro (19). This activity does
not occur with MA (29), indicating that as with Saframycin A,
the cyanide group is involved in the covalent binding of CMA
to DNA. It was previously shown that Saframycin A preferen
tially inhibited E. coli RNA polymerase activity when a guanine-
containing template was used (15), suggesting that this agent
preferentially binds to guanine. Using a similar technique,
we have shown in this present study that CMA, like MA and
ADR, preferentially inhibits transcription directed by
poly(dAdT).poly(dAdT), rather than poly(dGdC)â€¢poly(dGdC)
(Table 3). This pattern of inhibition has previously been ob
served with ADR (30) and attributed to the preferential binding
of drug to poly(dAdT)-poly(dAdT) (31, 32). A 5-imino substi
tution did not influence MA activity but markedly reduced the
potency of CMA in the transcription assay, again demonstrat
ing the importance of a freely reducible quinone ring for CMA
activity. The lack of correlation between the order of potency
of the analogues on E. coli RNA polymerase activity using
synthetic templates (Table 3) and their effects on HT-29 nuclear
and cellular nucleic acid synthesis (Table 2, Fig. 5) may relate
to a difference in the analogues affinity for chromatin as op
posed to synthetic templates.

In summary, the mechanism of activity of CMA may be
similar to the antibiotic Saframycin A in that the potent effects
of both agents on cellular nucleic acid synthesis and cell viability
depend on the cyanide group and a freely reducible quinone
ring. However, its mode of interaction with DNA differs in that
it does not specifically interact with guanine. The cytotoxic
activity of CMA correlates well with its effects on DNA syn
thesis and this may be partly related to its high nuclear binding.
Further studies should be directed towards investigating the
nature of the cellular binding of CMA and its metabolites, and
its relationship to the observed effects on nucleic acid synthesis
and cell viability.
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