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ABSTRACT

6-Mercaptopurine (6-MP) resistant strains of L1210 v/c murine leukemic cells were

obtained in vivo 6-MP treatment of a DBA/2 mouse inoculated with sensitive L1210 cells.

In one of these 6-MP resistant strains, double minutes (DMs) were found in 12% of the
metaphase cells, the number of DMs per cell ranging from 5 to 20. When these 6-MP

resistant cells were subcultured in 6-MP free medium for 20 months, only 2% of the cells

had DMs ranging from 1 to 5 per cell. The decrease of DMs in number and appearance
rate was accompanied a lowering of the maximum allowable concentration (MAC) of

6-MP necessary to induce resistance in the cells from 1 J.Lg to 0.1 J.Lg/ml. These
observations suggest that 6-MP resistance in L1210 cells is the result of an unknown gene
amplification.

INTRODUCTION

Gene amplification is a common mechanism for achieving drug resistance in mam
malian cells I9

). Stepwise selection of cultured cells in increasing concentrations of

methotrexate (MTX) results in cells with increased levels of the target enzyme for MTX
inhibition, dihydrofolate reductase (DHFR), and an amplification in the DHFR gene!). In

these MTX resistant cells, chromosome aberrations such as the homogeneously staining
region (HSR) or double minutes (DMs) were observed, and demonstrated to be the sites
of amplified DHFR genes by in situ hybridizationI9

).

HSR or DMs were also reported in human tumor cells, especially in
neuroblastomas6

,16). Molecular analysis of HSR and DMs in this tumor demonstrated
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that these abnormalities are the cytological manifestation of gene amplification l1,17J.

We have examined the mechanism whereby cultured murine leukemic cells (L1210)

become resistant to the carcinostatic purine analogue, 6-mercaptopurine. This chemo

therapeutic agent used in the treatment of human leukemia frequently induces resistance

in tumor cells7J
•

We observed DMs in 6-MP resistant L1210 cells, suggesting that the amplification of

an unknown gene is involved in acquiring the resistance.

MATERIALS AND METHODS

The L1210 vic murine leukemia cell line (2n=39), kindly supplied by Dr. M.

Shimoyama (National Cancer Research Institute, Tokyo), was usually maintained in

RPMI 1640 medium supplemented with 50 U/ml penicillin, 50 Ilg/ml streptomycin and

20% fetal calf serum. For the in vivo experiment, 106 viable cells were injected intraperi

toneally into male or female DBA/2 mice (5-6 weeks, 21 ± 1 g). The mice survived for

an average period of 7-8 days.

6-MP treatment was started 5 days after cell inoculation. To continue successive

therapy by 6-MP, 104 of L1210 cells in ascites fluid were transplanted into a new mouse.

The 6-MP dose was increased from 1 to 20 mg/kg when the L1210 cells were transferred

to the new mouse. At every transplantation, the presence of 6-MP resistant cells was

assayed on soft agar plates with 6-MP (5 ,ug/ml). After purification of cells resistant to

6-MP on an agar plate without 6-MP for 5 days (about 10 generations), the resistant level

was measured by changing the concentration of 6-MP from 1 to 30 ,ug/ml. The resistant

level was expressed by maximum allowable concentration (MAC) on colony formation

and classified into three groups: high resistance strains (MAC~30 ,ug/ml), low resistance

strains (MAC=1.0-0.l ,ug/ml) and sensitive strains (MAC~O.Ol ,ug/mI).

To obtain chromosome preparations, L1210 cells in ascites fluid were harvested and

treated with 0.25 ,ug/ml colchicine for 15 min. Then the cells were spun down and

resuspended in 0.075 M KCI at 3TC for 15 min. The cells were collected by centrifuga

tion and fixed with methanol-acetic acid (3 : 1) for three changes. Metaphase chromo

somes were differentially stained by G-banding13J and by C-banding method21J
•

RESULTS

Twenty-four 6-MP resistant L1210 strains were isolated from ascites fluid and

subcultured in RPMI liquid medium. After one month of subculture of the resistant cell

line in the absence of 6-MP, 60% of the high resistance strains retained their resistance

against 30 ,ug/ml of 6-MP, though only 14% of the low resistance strains maintained a

resistance to 1.0-0.1 ,ug/ml of 6-MP. Although most of the low resistance strains

became 6-MP sensitive, very few shifted to a high resistance strain.

Karyotypes were analysed in these resistant strains for the presence of HSR or DMs.

No drastic karyotype changes were observed except for strain #16, in which DMs were
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Fig. 1. G-banded metaphase of the strain #16 of L1210 vic, showing the double
minute chromosomes. (arrows)

Fig. 2. C-banded metaphase of strain #16 indicating the absence of centromeric
heterochromatin.
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observed. This strain was classified as a low resistance strain (1 ,ugjml of 6-MP). Figs.

1 & 2 show G-banded and C-banded metaphase cells of strain #16, revealing a lack of

centromeric heterochromatin in DMs. DMs were identified in 12% of metaphase cells,

ranging from 5 to 20 per cell, though the modal chromosome number was 2n = 39 with no

major karyotype change from the original L1210 cells (Table 1).

Even after subculture for twenty months in the absence of 6-MP, 2% of the cells still

exhibited DMs ranging in number from 1 to 5. Consistent with the decrease in the

number of DMs per cell after subculture, the resistant level against 6-MP dropped from

1 ,ugjml to 0.1 ,ug/ml (Table 2).

DISCUSSION

Appearance of DMs in the 6-MP resistant murine leukemia cell line L1210 (# 16)

indicates that the cell acquired the resistance by amplifying an unknown gene. The

resistance of human tumor cells against 6-MP in vivo may also be explained by the same

amplification mechanisms.

It is now widely accepted that the observed DMs or HSR are the result of gene
amplification in both drug resistant cells and tumor cells1o

,20 l . In MTX resistant cell

lines, the presence of the amplified DHFR gene in the DMs or HSR has been demonstrated

by in situ hybridization18l
• At present, more than 10 drugs are known to induce resis

tance in the mammalian cells by gene amplification, accompanied by DMs or HSR. For

instance, the CAD (Carbamyl phosphate synthetase, Aspartate transcarbamylase, Dihy

droorotase) gene in PALA (Phosphonacetyl-L-aspartate) resistance22l
, methallothioneins

gene in cadmium resistance have been studied in detail4l • In colchicine or vincristine

Table 1. Distribution of chromosome numbers and appearance rate of DMs. #16 strain was
subcultured in liquid medium without 6-MP every fourth day.

Rate of
Time Cell line Modal No. modal No. No. of Rate of Range of

(month) (Ll210) Range of of metaphase DMs(%) DMs number
chromosome chromosome analyzed in a cell

(%)

0 Control 38-99 39 72 100 0
#16 36-83 39 66 100 12 5-20

20 Control 37-99 39 68 100 0
#16 37-105 39 80 100 2 1-5

Table 2. Decrease of MAC level in #16 strain after 20 months subculture.
Each figure indicates the number of the colonis. -; not done
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resistant cell lines, DMs or HSR were found in the metaphase cells, though the amplified
gene has not been clarified3,1S).

Since the demonstration of amplified genes in DMs or HSR in MTX resistant cells19),

it has been suggested that the DMs or HSR observed in human tumor cells are cytological

manifestations of gene amplificationS). This supposition has been demonstrated

cloning the amplified genes from DMs or HSR and doing further analysis by in situ
hybridization in human neuroblastoma 11,17) and in the mouse adenocarcinoma cell line Y

-18). These observations indicate that DMs or HSR result from chromosome aberration

induced by gene amplification in general.

In the present study, DMs appeared only in strain # 16, and other 6-MP resistant

strains lacked DMs or HSR. We speculate that these strains also become resistant by

an unknown gene amplification. There may exist small DMs, which can not be identified

by light microscopic analysis, or small HSR in the chromosomes, which are undetectable

in the conventional G-banded chromosomes. Indeed, the presence of the small DMs,

which are about 5,000 Kb in size and unidentifiable in cytological preparations for light

microscopy, has been noted in the MTX resistant mouse 3T3 cells9). Furthermore, in one

of the human neuroblastoma cell lines TNB-1, neither DMs nor HSR were distinguished
in the metaphase cells12), though N-myc14), clone # 811

) and pG 2F) are coamplified about

a hundred fold in the genome (Kanda, unpublished data). These observations suggest

that the absence of DMs or HSR in the cytological preparations does not necessary mean

the lack of amplified DNA.

In strain # 16, the number of DMs per cell decreased from 5-20/cell to 1-5/cell after

a twenty-month subculture in vitro. This suggests that amplification is still unstable

even in the resistant cells with DMs, consistent with the observations noted in the MTX
resistant mouse cell 18).

REFERENCES

1) Alt, F. W., Kellems, R. E., Bertino, R. and Schimke, R. T.: Selective multiplication of dihy-
drofolate reductase genes in methotrexate-resistant variants of cultured murine cells. ]. Bioi.
Chern., 253: 1357-1370, 1987.

2) Alt, F. W., Kohl, N. E., Murphy, J. and Gee, C. E.: Amplification of c-myc and N-myc genes in
human and murine tumors. In Genome rearrangement.New York, Alan R Liss Inc, 1985, pp.233-251.

3) Baskin, F., Rosenberg, R. N. and Dev, V.: Correlation of double-minute chromosomes with
unstable multidrug cross-resistance in uptake mutants of neuroblastoma cells. Proc. Nat!. A cad.
Sci. USA, 78: 3654-3658, 1981.

4) Beach, L. R. and Palmiter, R. D.: Amplification of the metallothionein-1 gene in cadmium
resistant mouse cells. Proc. Natl. A cad. Sci. USA., 78: 2110-2114, 1981.

5) Biedler, J. L. and Spengler, B. A.: A novel chromosome abnormality in human neuroblastoma and
antifolate resistant Chinese hamster cell lines in culture. ]. Natl. Cancer. Inst., 57: 683-695, 1976.

6) Brodeur, G. M., Green, A A., Hayes, F. A., Williams, K. ]., Williams, D. L. and Tdiatis, A. A:
Cytogenetic features of human neuroblastomas and cell lines. Can. Res., 41: 4678-4686, 1981.

7) Davidson, J. D. and Winter, T. S.: Purine nucleotide pyrophosphorylases in 6-mercaptopurine
sensitive and -resistant human leukemias. Can. Res., 24: 261-267, 1964.

8) George, D. L. and Poweres, V. E.: Amplified DNA sequences in Y-1 mouse adrenal tumour cells:



-116- C. KATO et al.

Association with double minutes and localization to a homogeneously staining chromosomal
region. Proc. Nat!. A cad. Sci. USA., 79: 1597-1601, 1982.

9) Hamkalo, B. A., Farnham, P. G., Hohnston, R and Schimke, R T.: Ultrastructual feature of
murine chromosomes in a methotrexate-resistant mouse 3T3 cell line. Proc. Nat!. A cad. Sci. USA.,
82: 1126-1130, 1985.

10) Hamlin,]' L., Milbrandt, ]. D., Heintz,N. H. and Azizkham,]. c.: DNA-sequence amplification in
mammalian-cells. Inter. Rev. Cytol., 90: 31-82, 1984.

11) Kanda, N., Schreck, R., Alt, F. W., Bruns, G., Baltimore, D. and Latt, S.: Isolation of amplified
DNA sequences from IMR-32 human neuroblastoma cells: Facilitation by fluorescence-activated
flow sorting of metaphase chromosomes. Proc. Nat!. Aced. Sci. USA., 80: 4069-4073, 1983.

12) Kaneko, Y., Tsuchida, Y., Maseki, N., Takasaki, N., Sakurai, M. and Saito, S.: Chromosome
findings in human neuroblastomas xenografted in nude mice. lap.]. Can. Res., 76: 359-364, 1985.

13) Kato, H. and Yoshida, T. H.: Banding patterns of Chinese hamster chromosome revealed by new
techniques. Chromosoma, 36: 272-280, 1972.

14) Kohl, N. E., Kanda, N., Schreck, R R., Bruns, G., Latt, S. A., Gilbert, F. and Alt, F. W.:
Transposition and amplification of oncogene-related sequences in human neuroblastomas. Cell,
35: 359-367, 1983.

15) Kopnin, B. P.: Specific karyotypic alterations in colchicine-resistant cells. Cytogenet. Cell. Genet.,
30: 11-14, 1981.

16) Malenbaum, G. B. and Gilbert, F.: Double minute chromosomes and the homogeneously staining
regions in chromosomes of a human neuroblastoma cell line. Science, 198: 739-740,1977.

17) Montgomery, K. T., Biedler, ]. L., Spengler, B. A. and Melera, P. W.: Specific DNA sequence
amplification in human neuroblastoma cells. Proc. Nat!. A cad. Sci. USA., 80: 5724-5728, 1983.

18) Schimke, R T., Kaufman, R ]., Alt, F. W. and Kellems, R E.: Gene amplification and drug
resistance in cultured murine cells Science, 202: 1051-1055, 1978'.

19) Schimke, R T., Brown, P. c., Kaufman, R ]., McGrogan, M. and Slate, D. L.: Chromosomal and
extrachromosomal localization of amplified dihydrofolate reductase genes in cultured mammalian
cells. Cold Spring Harbor Symp. Quant. Bioi., XLV: 785-797, 1978.

20) Stark, G. R. and Wahl, G. M.: Gene amplification. Ann. Rev. Biochem., 53: 447-491, 1984.
21) Sumner, A. T.: A simple technique for demonstrating centromeric heterochromatin. Expt!. Cell.

Res., 75: 304-306, 1972.
22) Wahl, G. M., Padgett, R A. and Stark, G. R: Gene amplification causes overproduction of the first

three enzymes of UMP syntheses in N-(phosphonacethyl)- L-asparatate-resistant Hamster cells.
]. Bio!. Chem., 254: 8679-8689, 1979.


