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Abstract The cytotoxic action of two morpholino anthra- 
cyclines, methoxymorpholino anthracycline (MRA-MT, 
FCE 23 762) and cyanomorpholino anthracycline (MRA- 
CN), was compared with the cytotoxicity of doxorubicin 
(DOX), the topoisomerase II inhibitor etoposide (VP-16), 
the topoisomerase I inhibitor camptothecin, methotrexate, 
and cisplatin in GLC4, a human small-cell lung-cancer cell 
line, in GLC4-Adr, its P-glycoprotein (Pgp)-negative, 
multidrug-resistant (MDR; 100-fold DOX-resistant) sub- 
line with overexpression of the MDR-associated protein 
(MRP) and a lowered topoisomerase II activity, and in 
GLC4-CDDP, its cisplatin-resistant subline. GLC4-Adr was 
about 2-fold cross-resistant for the morpholino anthracy- 
clines and GLC4-CDDP was, relative to GLC4, more 
resistant for the morpholino anthracyclines than for DOX. 
Overall, MRA-CN was about 2.5-fold more cytotoxic than 
MRA-MT. The cytotoxicity profile of the morpholino 
anthracyclines in these cell lines mimicked that of camp- 
tothecin. 
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Introduction 

The development of lnultidrug resistance (MDR) is one of 
the major obstacles in successful chemotherapeutic treat- 
ment of cancer patients. One class of antitumor drugs with 
the widest spectrum of activity in human cancers comprises 
the anthracyclines, which, however, are involved in MDR 
[1]. For doxorubicin (DOX), one of the most frequently 
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used drugs of this group of anthracyclines, several mechan- 
isms contribute to its cytotoxic action. Cellular mechanisms 
of action include intercalation of DNA; the formation of 
DNA breaks, possibly due to the generation of free radicals; 
and the capacity to turn DOX-topoisomerase complexes 
into cellular poisons [2, 3]. Because of its toxicity, espe- 
cially cardiac toxicity, and the appearance of drug resis- 
tance, new anthracycline analogs have been synthesized 
that are less toxic, more potent, and non-cross-resistant with 
DOX. One group of these analogs consists of compounds in 
which a morpholino ring incorporating the amino nitrogen 
of the daunosamine unit has been constructed. Acton et al. 
[4] synthesized a series of morpholino (e. g., MRA) and 
cyanomorpholino (e. g., MRA-CN) analogs of DOX. These 
morpholinyl-substituted anthracyclines have several prop- 
erties in common that distinguish them from the parental 
anthracyclines. They are highly lipophilic, which facilitates 
rapid diffusion through the cell membrane [4, 5]. In contrast 
to DOX, MRA and MRA-CN are not cardiotoxic at 
effective antitumor doses [4, 6] and are not cross-resistant 
in DOX-resistant P-glycoprotein (Pgp)-positive and -nega- 
tive cell lines [6-9].  Apart from its efficacy in Pgp-positive 
cell lines resistant to DOX, MRA-MT has also been proven 
effective in CEM/VM-1, a cell line with altered topoisom- 
erase II, and in cell lines resistant to cisplatin and melpha- 
lan [10-13]. 

The working mechanisms of MRA and MRA-CN 
include preferential inhibition of ribosomal gene transcrip- 
tion [14] as well as topoisomerase I-mediated DNA clea- 
vage [15]. This mechanism of cytotoxicity is probably 
different from that of DOX, which acts on topoisomerase II. 
Whereas MRA binds to DNA by intercalation and causes 
DNA strand breaks, MRA-CN produces DNA-DNA inter- 
strand cross-links [15, 16]. It has been demonstrated that 
this interstrand DNA cross-link formation induced by 
MRA-CN, which takes place very rapidly, is preceded by 
the binding of drug to single-stranded DNA [17]. The 
marked difference in cytotoxicity and DNA-binding affi- 
nity observed between MRA and MRA-CN suggests a 
major role for the cyano substituent in the action of 
MRA-CN [18]. 
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Table 1 ID50 values after 1 h incubation as determined in the MTA. 
Results are expressed as mean values (_+ SD) for 2 - 4  experiments 
performed in quadruplicate 

Cell lines 

GLC4 GLC4-Adr GLC4-CDDP 

DOX (gM) 0.33 ___0.07 30.1 _+8.0 0.17 _+0.06 
MRA-MT (gM) 0.0079_+0.0017 0.020_+0.005 0.030-+0.009 
MRA-CN (gM) 0.0045_+0.0018 0.0052_+0.0020 0.0088_+0.0009 

Table 2 IDs0 values after continuous incubation as determined in the 
MTA. Results are expressed as mean values ( +  SD) for 2 - 7  
experiments performed in quadruplicate 

Cell lines 

GLC4 GLC4-Adr GLC4-CDDP 

DOX(nM) 32.5 _+2.1 3,732 _+336 42.3 _+ 1.0 
VP-16 (riM) 0.16_+0.03 10.2 _+ 2.4 0.11_+ 0.02 
Camptothecin(nM) 6.1 _+2.5 7.6 _+ 0.9 30.8 _+14.4 
Methotrexate (gM) 0.05_+0.03 0.14_+ 0.04 0.08_+ 0.02 
Cisplatin (gM) 0.90_+0.07 2.2 _+ 0.2 11.9 + 2.2 
MRA-CN(nM) 0.59_+0.16 1.4 _+ 0.4 2.1 _+ 1.4 

In the present study the role of MRA-CN and MRA-MT 
in cell lines with well-defined, different patterns of resis- 
tance, namely, non-Pgp MDR and cisplatin resistance, was 
tested and compared with the cytotoxicity of these com- 
pounds in a sensitive cell line. 

Materials and methods 

GLC4 is a Pgp-negative human small-cell carcinoma cell line [19] and 
GLC4-Adr is the DOX-resistant subline of GLC4. It shows an atypical 
MDR phenotype with resistance to DOX, vincristine, VP-16, and 
m-AMSA without mdr-1 gene amplification or Pgp expression [20]. 
In GLC4-Adr, a membrane efflux pump different from Pgp and 
overexpression of a mainly cytoplasmic l l0-kDa protein detectable 
with the monoclonal antibody LRP-56 as well as overexpression of the 
new putative membrane transporter gene MRP were demonstrated 
[21-23]. GLC4-CDDP is the cisplatin-resistant subline of GLC4 
with a 13.2-fold resistance to cisplatin due to increased glutathione 
(GSH), unchanged glutathione S-transferase (GST), decreased DNA 
platination, and increased repair of platinum adducts [24, 25]. Topo- 
isomerase II activity proved to be 100% in GLC4, 35% in GLC4-Adr, 
and 130% in GLC4-CDDP [26]. Topoisomerase I activity did not differ 
among these cell lines [20]. GSH levels are 2.5-fold higher in GLC4- 
CDDP and 2.1-fold higher in GLC4-Adr as compared with GLC4; 
GST activity is equal in GLC4 and GLC4-CDDP but is 1.7-fold higher 
in GLC4-Adr [25, 27]. The doubling times of these cell lines are as 
follows: GLC4, 16.5 h; GLC4-Adr, 21.8 h; and GLC4-CDDP, 28.0 h 
[25, 28]. All cell lines were cultured in RPMI 1640 medium and 10% 
fetal calf serum (FCS) at 37 ~ in a humidified atmosphere containing 
5% CO2. 

A drug-sensitivity assay was performed with the microculture 
tetrazolium assay (MTA) as described previously [28]. To assure 
linearity the following numbers of cells per well (0.1 ml) were 
incubated: GLC4, 5,000; GLC4-Adr, 12,500; and GLC4-CDDR 
15,000. Cells were incubated with chemotherapeutic drugs either 
continuously for 4 days or for 1 h. When incubated for 1 h, the cells 
were washed. All assays were performed two to seven times in 
quadruplicate. The results are expressed as the mean (_+ SD) doses 
required to inhibit the growth of each ceil line by 50% (IDs0 values). 
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of the ID50 for DOX versus the IDs0 
determined in the MTA) obtained for 

To measure the effect of buthionine sulfoximine (BSO) pretreat- 
ment on MRA-CN-induced cytotoxicity, GLC4, GLC4-Adr, and 
GLC4-CDDP cells were cultured for 48, 24, and 48 h, respectively, 
in the presence of 50 gM BSO without growth delay or loss of viability. 
Subsequently, MRA-CN-induced cytotoxicity (continuous incubation) 
was measured in the MTA (n = 3 - 4  experiments performed in 
quadruplicate). 

Results 

Tables 1 and 2 show the results of the 1-h and continuous 
incubations, respectively, in the MTA. Both morpholino 
anthracyclines are much more potent than DOX in these 
cell lines. The cytotoxicity of the morpholinyl derivates is 
remarkable in the highly DOX-resistant GLC4-Adr line. In 
contrast, GLC4-CDDP is relatively more sensitive to DOX 
but less sensitive to MRA-MT and MRA-CN than is GLC4. 
This comparison of the cytotoxicity sensitivity of the 
different cell lines for DOX, MRA-MT, and MRA-CN is 
expressed in Fig. 1. In this figure the cytotoxicity index is 
shown, which represents the ratio of the IDs0 determined 
for DOX either after a 1-h incubation or after continuous 
incubation in a certain cell line versus the IDs0 found for 
MRA-MT or MRA-CN. This demonstrates the potency of 
MRA-MT and MRA-CN with respect to DOX but also 
gives an impression about the mutual efficacy of the two 
morpholino anthracyclines and about the possibly different 
results of short versus continuous incubation. In all cell 
lines the cytotoxic action of the morpholino compounds 
surpassed the cytotoxicity of DOX. For both MRA-MT and 
MRA-CN the cytotoxicity indices were lowest in GLC4- 
CDDP and highest in GLC4-Adr. In the 1-h incubations, 
MRA-CN was 1.8-fold more active than MRA-MT in 
GLC4, 3.4-fold more active in GLC4-CDDR and 3.8-fold 
more active in GLC4-Adr. In GLC4 and GLC4-Adr, 1-h 
incubations of MRA-CN seemed more effective than 
continuous incubations, whereas in GLC4-CDDP there 
was no difference. 
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Table 3 Cross-resistance factors a of GLC4-Adr and GLC4-CDDP 
versus GLC4 for DOX, MRA-MT, and MRA-CN 

Cell lines 

GLC 4-Adr  GLC4-CDDP 

DOX 91 0.5 
MRA-MT 2.5 3.8 
MRA-CN 1.2 2.0 

a At the IDs0 as determined in the MTA (1 h incubation) 

Table 4 Cross-resistance factors a of GLC4-Adr and GLC4-CDDP 
versus GLC4 for DOX, VP-16, camptothecin, methotrexate, cisplatin 
and MRA-CN 

Cell lines 

GLC 4-Adr  GLC4-CDDP 

DOX 115 1.3 
VP- 16 64 0.7 
Camptothecin 1.2 5.0 
Methotrexate 2.8 1.6 
Cisplatin 2.3 13.2 
MRA-CN 2.4 3.6 

a At the IDs0 as determined in the MTA (continuous incubation) 

The results of the MTA also led to cross-resistance 
factors, which are shown in Tables 3 and 4. The cross- 
resistance factors were calculated from the ratio of the IDs0 
determined for a certain chemotherapeutic drug in GLC- 
Adr and GLC4-CDDR respectively, versus the IDs0 in 
GLC4. The cross-resistance for DOX in GLC4-Adr was 
remarkably reduced for both morpholino compounds. This 
was also the case for camptothecin. GLC4-Adr showed 
some cross-resistance for methotrexate and cisplatin but 
was highly cross-resistant for VP-16. GLC4-CDDP was 
relatively insensitive to the morpholino anthracyclines as 
well as to camptothecin but was sensitive to DOX, VP-16, 
and methotrexate. 

The effects of pretreatment with BSO on MRA-CN- 
induced cytotoxicity, expressed as dose-modifying factors 
at the IDs0 as determined after continuous incubation in the 
MTA, were as follows: GLC4, 0.90-t-0.06; GLC4-Adr, 
1.04+0.02; and GLC4-CDDR 1.18+0.26. Thus, BSO 
slightly increased MRA-CN-induced cytotoxicity in 
GLC4-CDDP ceils. 

Discussion 

In our panel of cell lines, MRA-MT and MRA-CN are both 
very active chemotherapeutic drugs as compared with 
DOX. Both drugs are most active in GLC4-Adr, the cell 
line that is about 100-fold resistant to DOX. In this cell line, 
MRA-CN proved to be 5,790- and 2,590-fold more active 
than DOX after 1 h and continuous exposure, respectively. 
This is an interesting observation because of the remarkable 
properties of GLC4-Adr. Hence, in the MDR H69AR cell 
line, which also overexpresses MRP [29], Cole [30] 
reported a relative lack of potency for MRA-CN. How- 

ever, in this cell line, no DOX-accumulation deficit exists 
[29]. From our observations the conclusion might be drawn 
that MRR just as Pgp-mediated MDR, does not seem to be 
involved in the sensitivity to MRA-CN. Moreover, these 
morpholino anthracyclines circumvent altered topoisomer- 
ase II activity, as was demonstrated for their cytotoxic 
activity in the GLC4-Adr cell line. The relative lack of 
activity found for MRA-MT and, to a lesser degree, also for 
MRA-CN in GLC4-CDDP cells has not previously been 
described in a cisplatin-resistant cell line. Ripamonti et al. 
[13] reported an equivalent efficacy for MRA-MT in the 
wild-type and in the cisplatin-resistant murine leukemia cell 
line L1210. A 4-fold MRA-CN-resistant ES-2R cell line, 
however, also shows 7-fold cross-resistance to cisplatin 
[31]. The role of an enhanced amount of detoxifying 
activity, as has been reported for ES-2R as well as for 
GLC4-CDDR might play a role in this cross-resistance 
between MRA-CN and cisplatin [31-33]. This was also 
partly suggested by the results of our experiments with BSO 
modulation on MRA-CN-induced cytotoxicity in GLC4- 
CDDP cells. 

Concerning an elucidation of the working mechanisms 
of MRA-MT and MRA-CN in our cell lines, it is interesting 
that the cytotoxicity profiles of these drugs in the GLC4 cell 
lines mimic those of camptothecin and differ markedly 
from those of VP-16. This confirms earlier observations 
in which the cytostatic action of morpholino and cyano- 
morpholino doxorubicin was attributed to DNA topoisom- 
erase I-induced cleavage and not to topoisomerase II- 
induced cleavage [15]. This finding has to be confirmed 
in other cell lines. 

In our cell lines the activity of MRA-CN was about 2.5- 
fold that of MRA-MT. Previously, MRA-MT was reported 
to be 3- to 15-fold more potent than DOX in various cell 
lines, whereas MRA-CN was 100- to 1,000-fold more 
potent than DOX [9, 10]. We found an increase in the 
cytotoxicity of MRA-MT versus DOX that varied between 
6- and 1,500-fold. The reason why our observations differ 
from the previous reports is not clear, as a modest 
difference in potency between MRA-MT and MRA-CN 
was observed in all our tested cell lines. The duration of 
incubation of MRA-CN made no uniform difference in its 
cytotoxic activity. Althoug the cross-link formation induced 
by MRA-CN takes place much faster than that caused by, 
e.g., cisplatin, this apparently has no effect on its final 
cytotoxic potential. Because of the generally promising 
cytostatic potency of the morpholino anthracyclines, the 
results of clinical studies, of which only a few have been 
reported to date, are awaited with great interest [34, 35]. 

In conclusion, MRA-MT and MRA-CN are highly 
potent chemotherapeutic drugs in a DOX-resistant cell 
line with overexpression of MRP and lowered topoisomer- 
ase II activity. Cross-resistance for the morpholino anthra- 
cyclines was found in a eisplatin-resistant cell line, suggest- 
ing a role for detoxifying systems such as GSH and GST. 
Topoisomerase I-mediated cytotoxicity is suggested be- 
cause of the comparable cytotoxicity of the morpholino 
anthracyclines and camptothecin in the small-cell lung- 
cancer cell lines. MRA-CN is ca. 2.5-fold more active 
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than M R A - M T ,  whereas  the durat ion o f  incubat ion  does not  
play a un i fo rm role  in its cy to toxic  potency.  
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