
intracellular distribution and the trans- 4 0 ~ a +  between the nuclei and the cvto~lasm of 
port of physiologically important ions in 
cultured cells using cryotechniques. 

Semiconductor-grade silicon wafers 
(General Diode) were used as the sub- 
strate for cell growth, since an electrical- 
ly conducting sample mount is a require- 
ment for ion-microscopic analysis. This 
substrate is nontoxic and provides cell 
growth rates and morphologies compara- 
ble to those of cells grown on glass cover 
slips. Dulbecco's modified Eagle's medi- 
um with 10 percent calf serum (Gibco) 
was used for cell growth. Normal rat 
kidney (NRK) cells were seeded at a 
density of 3.0 x 10' to 3.5 x 10' cells 
per 100-mm plastic dish (Falcon) and 
incubated at 37°C in a 5 percent C02  
atmosphere. Each petri dish contained 
approximately ten silicon wafers (3). The 
cells were treated with ouabain in about 
4 days, when they had reached con- 
fluency. Ouabain (1 mM; Sigma) was 
used to inhibit the Na+- and K+-depen- 
dent adenosine triphosphatase of the 
plasma membrane. The samples were 
collected after 0. 20. and 60 minutes of 
treatment with duadain. In preparation 
for ion-microscopic analysis, these sam- 
ples were freeze-fixed with liquid nitro- 
gen slush (-206"C), cryofractured under 
liquid nitrogen by a sandwich technique 
(4), and freeze-dried at -80°C for 24 
hours. An ion microscope (Cameca mod- 
el IMS-3f) operating with an 8.0-KeV 
02+ primary ion beam and monitoring 
positive secondary ions was used for this 
study (5). When the Na+-K+ ion trans- 
port was imaged as a function of time, all 
instrumental parameters (primary beam 
density, energy slits, channelplate gain, 
and so on), image exposure times (1 sec- 
ond), and photographic processing times 
were kept constant between treatments. 

The intracellular distribution of sodi- 
um and potassium and Na+-K+ ion 
transport in NRK cells are shown in Fig. 
1. At 0 minutes after treatment with 
ouabain, high potassium and low sodium 
intensities were observed, for example, 
as seen in cell A. Within each cell, the 
intensity of potassium was slightly high- 
er in the nucleus than in the cytoplasm. 

Cells sampled after 20 minutes and 60 
minutes of ouabain treatment showed an 
intracellular increase in sodium and loss 
of potassium with time (Fig. 1). These 
observations hav'e been confirmed with 
Chinese hamster ovary cells and 3T3 
cells. 

Ion images showing cell morphology 
can be produced for any element (or 
isotope) of interest. In addition to sodi- 
um and potassium, other physiologically 
important elements such as calcium, 
magnesium, chloride, and phosphorus 

Fig. 2. The ion images of "Ca+ (left) and 
24Mg+ (right), illustrating the intracellular dis- 
tribution of calcium and magnesium in freeze- 
fractured NRK cells. 

can also be studied. The distribution of 
calcium and magnesium in NRK cells as 
revealed by ion micrographs (Fig. 2) 
showed that calcium concentrates more 
in the cytoplasm than in the nuclei of the 
cells. Even within the cytoplasm calcium 
is not homogeneously distributed, 
whereas the distribution of magnesium is 
almost homogeneous throughout the 
cell. The intracellular distribution of cal- 
cium is markedly different from that of 
sodium, potassium, and magnesium. 
This observation has been confirmed in 
several cell lines. It is known that calci- 
um-binding organelles, such as mito- 
chondria and the endoplasmic reticulum, 
and calcium-binding proteins are present 
in the cytoplasm. 

The exposure time to produce the im- 
ages in Fig. 2 was 30 seconds, and the 
calcium image was recorded first. The 
longer exposure times were required be- 
cause of the low intracellular concentra- 
tions of these elements. Even after 10 
minutes of ion bombardment, no notice- 
able preferential etching was observed 

. . 
the fractured cells. 

The ion microscope is capable of de- 
tecting all elements (isotopes) from hy- 
drogen to uranium with sensitivities in 
the parts-per-million range. 

Our results show that ion microscopy, 
applied to cell culture systems, can be a 
useful method for studying ion distribu- 
tion and ion transport under different 
physiological, pathological, and toxico- 
logical conditions. 
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Dissociation of Antitumor Potency from Anthracycline 
Cardiotoxicity in a Doxorubicin Analog 

Abstract. The search for new congeners of the leading anticancer drug doxorubi- 
cin has led to an analog that is approximately 1000 times more potent, noncardio- 
toxic at therapeutic dose levels, and non-cross-resistant with doxorubicin. The new 
anthracycline, 3'-deamino-3'-(3-cyano-4-morpholinyl)doxorubicin (MRA-CN), is 
produced by incorporation of the 3' amino group of doxorubicin in a new cyano- 
morpholinyl ring. The marked increase in potency was observed against human 
ovarian and breast carcinomas in vitro; it was not accompanied by an increase in 
cardiotoxicity in fetal mouse heart cultures. Doxorubicin and MRA-CN both 
produced typical cardiac ultrastructural and biochemical changes, but at equimolar 
concentrations. In addition, MRA-CN was not cross-resistant with doxorubicin in a 
variant of the human sarcoma cell line MES-SA selected for resistance to doxorubi- 
cin. Thus antitumor eficacy was dissociated from both cardiotoxicity and cross- 
resistance by this modification of anthracycline structure. 

The anthracycline doxorubicin has be- erating tissues, such as the bone marrow 
come one of the most important drugs in and gastrointestinal tract, anthracyclines 
the treatment of human cancers (1). In are associated with cardiac damage relat- 
addition to toxicity against normal prolif- ed to both the total dose and the sched- 
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Fig. 1. Structures of doxorubicin and MRA- 
CN. The synthesis of MRA-CN from doxoru- 
bicin was recently described (5). 

ule of drug administration (2). Therapy 
with anthracyclines is limited not only by 
this toxicity to normal tissues but also by 
resistance, which may be present initial- 
ly or which may emerge during therapy 
(3). 

Several hundred analogs of doxorubi- 
cin have been synthesized in attempts to 
structurally separate the various phar- 
macodynamic effects of the anthracy- 
clines, and in particular to selectively 
reduce or eliminate their cardiotoxicity 
(4). Some differences in antitumor activi- 
ty and cardiotoxicity have been suggest- 
ed among these analogs. However, such 
differences have not been demonstrated 
definitely, partly because of minor alter- 
ations (less than tenfold) in the molar 
potency of compounds and difficulties in 
quantitatively assessing cardiotoxicity. 

Recently an analog of doxorubicin was 
synthesized that was 200 to 1600 times 
more potent on initial screening in sever- 
al murine tumors (5). The structure of 
the new compound, 3'-deamino-3'43-cy- 
ano-4-morpholinyl)doxorubicin (MRA- 
CN), is illustrated in Fig. 1. We report 
here the activities of MRA-CN and 
doxorubicin against several human tu- 
mors in vitro, in a doxorubicin-resistant 
human sarcoma cell line, and in a quanti- 
tative model of anthracycline cardiotoxi- 
city, the cultured fetal mouse heart. Our 
results show a clear separation of the 
antitumor and cardiotoxic actions of the 
two anthracyclines by a structural modi- 
fication of doxorubicin and suggest that 
MRA-CN may be active against some 
human cancers that are resistant to 
doxorubicin. 

Figure 2 shows the cytotoxicities of 
doxorubicin and MRA-CN against a 
breast and an ovarian carcinoma, as 
measured by clonogenic assays in soft 
agar (6). MRA-CN was, respectively, 
1500 and 150 times more potent than 
doxorubicin against these two tumors, as 
assessed by the ratio of the drug concen- 
trations required to inhibit colony forma- 

tion 50 percent (IC,) (Fig. 2). Nine 
human tumor specimens were examined, 
including six ovarian and three breast 
carcinomas (Table 1). The ICso values 
ranged from 0.03 x ~ o - ~ M  to 2.0 x 
~ o - ~ M  for MRA-CN and from 0.3 X 

~ o - ~ M  to 2.0 x 10@M for doxorubicin. 
The ratio of the ICSo's of doxorubicin 
and MRA-CN, an index of the in- 
creased potency of MRA-CN, ranged 
from 100 to 15,000, with a median of 
1,000. 

The relative potential of MRA-CN and 
doxorubicin to produce cardiotoxicity 
was compared in a fetal mouse heart 
culture system in which anthracyclines 
produce characteristic morphological 
changes and release of lactic acid dehy- 
drogenase (LDH) (7). This model ap- 
pears to be specific for anthracyclines in 
that other anticancer drugs that are non- 
cardiotoxic do not produce these effects. 
The residual LDH activity in fetal mouse 
hearts after exposure to MRA-CN and 
doxorubicin is shown in Fig. 3. A signifi- 
cant decrease in residual cardiac LDH 
occurred at the highest concentration of 

Doxorubicin 

Drug concentration ( ~ ~ g t m i )  

Fig. 2. Dose response curves for doxorubicin 
and MRA-CN, as determined from soft agar 
clonogenic assays of (A) a breast carcinoma 
for which the IC,, ratio for doxorubicin to 
MRA-CN was 1500 and (B) an ovarian carci- 
noma for which the IC,, ratio for doxorubicin 
to MRA-CN was 150. Tumor specimens from 
patients were disaggregated by fine mincing 
and exposure to Pronase-collagenase-deoxy- 
ribonuclease (16). The cells were exposed to 
the drugs at various concentrations for 1 hour, 
washed, and plated in triplicate in a two-layer 
system of 0.3 percent over 0.5 percent agar in 
Waymouth's and McCoy's media with 15 
percent newborn calf serum. Colonies were 
counted after 2 to 3 weeks of growth. The data 
shown are the log transformations of individ- 
ual colony counts and drug concentrations. 

Table 1. Cytotoxicity of doxorubicin and 
MRA-CN in clonogenic assays of human tu- 
mors. Single-cell suspensions of three breast 
and six ovarian carcinomas were prepared 
(16). The cells were exposed to the drugs at 
various concentrations for 1 hour, washed, 
and plated in triplicate in 0.3 percent agar. 
Colonies were counted after 2 to 3 weeks of 
growth. 

IC,o (MI 
Speci- 

Molar 

men PO- 
MRA-CN tency* rubicin 

BR-20 5 x 3 x lo-" 15,000 
BR-36 3 x 2 x 10-lo 1,500 
BR-40 2 X 1 X 2,000 
ov-103 ~ X I O - ~  2 ~ 1 0 - ~  100 
OV-137 1 X 2 X 500 
OV-169 2 X 2 X 1,000 
OV-182 2 X 2 X 1,000 
OV-186 5 X 2 X 250 
OV-188 3 x 1 0 - 7  2 x l 0 - ~  150 

*Ratio of IC5, for doxorubicin to ICSo for MRA-CN. 

both drugs (P < 0.05 compared to sa- 
line-treated controls, Student's t-test). 
Electron microscopy confirmed that sim- 
ilar cardiac lesions were induced by the 
two drugs at the higher concentrations, 
with typical chromatin clumping, mito- 
chondrial disruption, and lysis of myofi- 
brils. Thus the molar potency of MRA- 
CN was similar to that of doxorubicin in 
this model. 

We studied the question of cross- 
resistance of these two anthracyclines in 
variants of a human sarcoma cell (8). The 
parent cell line, MES-SA, was recently 
characterized in our laboratory and is 
very sensitive to doxorubicin, with an 
ICso of 2 x 1 0 - ' ~ .  The subline Dx5, 
developed by stepwise exposure to 
doxorubicin, is 100-fold resistant to 
doxorubicin and displays cross-resist- 
ance to several other agents, including 
dactinomycin, the vinca alkaloids, the 
epipodophyllotoxins, and daunorubicin, 
another anthracycline congener of dox- 
orubicin (9). MRA-CN does not exhibit 
cross-resistance with doxorubicin in this 
model (Fig. 4). As shown by the two 
curves on the left in Fig. 4,  the IC50 for 
MRA-CN in both the sensitive MES-SA 
cells and the resistant Dx5 cells is 
1 x I O - ~ M .  The two curves on the right 
illustrate the effects of doxorubicin in the 
sensitive and resistant cells, with ICsO's 
of 2 x 10-'M and 2 x ~ o - ~ M ,  respec- 
tively. 

In summary, MRA-CN represents a 
major structure-activity modification of 
anthracyclines. Elaboration of the cya- 
no-morpholinyl moiety at the 3' position 
of doxorubicin has resulted in a marked 
increase in antitumor potency without a 
corresponding change in cardiotoxicity. 
This increase in antitumor potency is not 
entirely selective, however, since in 
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mice MRA-CN is also 500 to 1000 times 
more lethal than doxorubicin, probably 
because of effects on normal proliferat- 
ing tissues such as the bone marrow (5). 
However, the extreme potency of MRA- 
CN makes it attractive for selective de- 
livery by methods such as liposomes and 
monoclonal antibodies (10). 

It was recently reported that MRA-CN 
produces interstrand cross-linking of 
DNA, whereas doxorubicin does not 
(11). This suggests that the cyano-mor- 
pholinyl group may be reactive and act 
as an alkylating moiety. Thus MRA-CN 
may exhibit a novel mechanism of action 
to account for its increased cytotoxicity 
relative to other anthracyclines. The 
anthracyclines are known to bind to 
DNA by intercalation (12). We postulate 
that the intense potency of MRA-CN 
may be due to reactivity of the cyano- 
morpholinyl group resulting in covalent 
binding to DNA, thus combining both 
intercalation and alkylation of DNA in 
its cytotoxic mechanisms. In this regard, 
MRA-CN appears to be more specific 

than doxorubicin as an inhibitor of cellu- 
lar messenger RNA synthesis (13). 

MRA-CN may also differ from doxo- 
rubicin in its subcellular distribution and 
binding. Among the chemical properties 
associated with the structural change in 
MRA-CN are an increase in lipophilicity 
and the nonbasicity of the amino nitro- 
gen (5). 

It has been hypothesized that anthra- 
cycline cardiotoxicity results from free 
radical formation via reduction of the 
quinone moiety at the anthracycline ring 
(14). Our results showing equivalent car- 
diotoxicities of doxorubicin and MRA- 
CN are consistent with this theory, since 
the quinone group at the anthracycline 
ring is unchanged in MRA-CN. Substitu- 
tion of the quinone by an imino group 
does appear to selectively reduce the 
cardiotoxicity of doxorubicin without 
conferring increased cytotoxic potency 
(15). 

Caution should be exercised in extrap- 
olating these in vitro results to the clini- 
cal setting. The distribution, metabo- 

Fig. 4. Lack of cross- 
resistance between 
doxorubicin and 
MRA-CN in a doxo- 
rubicin-selected vari- 
ant of the human sar- 
coma cell line MES- 
SA. Dose response 
curves for doxorubi- 
cin and MRA-CN 
were generated by 
clonogenic assay in 
soft agar (8, 16). The 
Dx5 subline of MES- 
SA cells, developed 
by continuous expo- 
sure to increasing con- 

Fig. 3. Cardiotoxicity of doxorubicin (0) and 
MRA-CN (a), estimated from the percentage loo 

of residual LDH activity in cultured fetal $ 
mouse hearts after drug exposure. Fetal 80 

mouse heart organ cultures were prepared by 
a modification of the method of Kloner and 

g g 60 Ingwall (17) as previously described (7) .  After 
a 24-hour equilibration period doxorubicin, p ; 
MRA-CN, or an equivalent volume of 0.9 Z E  40 
percent NaCl was added to the culture dishes j 
with fresh medium. Hearts were incubated 
with the drugs for 24 hours, removed, and d 
either prepared for examination by electron 
microscopy or sonicated in phosphate-buff- o 

Drug concentrat ion (MI 

centrations of dixoru- 
bicin, manifests 100-fold resistance to doxorubicin, and resistance to vinca alkaloids, dactinomy- 
cin, colchicine, the podophyllotoxins, and the anthracenedione mitoxantrone (9). The two curves 
on the left represent the cytotoxicity of MRA-CN in the MES-SA and Dx5 cell lines. The two 
curves on the right illustrate the effects of doxorubicin in MES-SA and in Dx5. 

10-7 10-6 

:-?h ; 
10-6 

ered 0.9 percent NaC1. Heart sonicate solu- 
tions were assayed for LDH activity and Drug concentration (M) 

protein content ( 7 ) .  Values (means k stan- 
dard deviations, n = 6) are percentages of control LDH activity per milligram of protein. The 
decreases in LDH produced by both drugs at the highest concentration (34 FM) are significantly 
different from the results for saline-treated controls (P < 0.05, Student's t-test). 

1 - - 

- 

lism, and disposition of MRA-CN might 
substantially affect its activities in vivo. 
Because of the extreme potency of this 
compound and its evident differences 
from other anthracyclines, detailed toxi- 
cological studies will be important. 

The cyano-morpholino substituent 
may itself represent an important lead in 
the design of cytotoxic agents. Its intro- 
duction into the doxorubicin molecule 
has produced a marked alteration of the 
biological effects of this anthracycline. 
Similar substitutions in other intercalat- 
ing agents as well as other classes of 
compounds would be of interest. 
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