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HeLa cells cultured in ever-increasing doses of methotrexate (MTX) acquired resistance to this drug. 
Chromosomal changes occurring at early stages during the development of resistance to various doses (0.1, 0.3, 
0.5, 1.0, 2.1, 3.0, 10.0 and 100.0 ~tg/ml) of MTX included: (a) an increase in the percentage of hypertetraploid 
cells (>  92 chromosomes) at all doses, and most profoundly at 1.0, 2.1 and 3.0 ~tg/ml; (h) an increase in the 
percentage of cells with structural abnormalities; (r a remarkable increase in the percentage of hypertetraploid 
cells containing dicentrics, particularly at MTX dose levels 0.5-3.1) lag/ml and (d) emergence of increasing 
numbers of double minutes per cell with increasing MTX doses. At dose levels 2.1 and 3.0 ~tg/ml the modal 
chromosome number increased to 82, while at 0 .1-I .0  ~tg/ml it was similar to the mode of sensitive HeLa (64, 66) 
and at 10.0 and 100.0 ~tg/ml dropped to 62, 63. The results obtained suggest that polyploidization and formation 
of dicentrics are associated with the earlier stages of development of resistance to methotrexate. 
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INTRODUCTION 

It has been repeatedly shown that under conditions 
of gradual increase of tolerable MTX doses, 
mammalian cells can acquire resistance to the 
drug. ~-6 The phenomenon has been directly associat- 
ed with both an overproduction of dihydrofolate 
reductase (DHFR) and the appearance of specific 
chromosomal elements (double minutes, DM, or 
homogeneously staining regions, HSR) as a result of 
amplification of the DHFR gene. 1.4.7.8.9 The mechan- 
ism by which these non-random chromosome 
changes (DM or HSR) develop is unknown: One 
possibility is that certain MTX-induced random 
aberrations might be advantageous for, or prelimin- 
ary to, the development of non-random stable 
changes which favor gene amplification and hence 
resistance and growth. Following this line of 
thought, we present our observations of 
chromosomal changes and abnormalities occurring 
at early stages during the development of MTX- 
resistance in HeLa cells. 
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MATERIALS AND METHODS 

HeLa cells resistant to various concentrations of 
MTX were established in culture as previously 
described. 6 During the early stages of treatment with 
low doses of MTX, chromosome preparations were 
made.by treating cells in logarithmic phase of growth 
with colcemid 0.1 Ixg/ml for 2 hr. MethotrexateJ 
containing medium was replaced by MTX-free 
medium, 24 hr prior to colcemid treatment. Ceils 
were collected by trypsinization, suspended in hypo- 
tonic 0.95% sodium citrate solution pH 7.5, incubat ~ 
ed at 37~ for 30 rain, and fixed in methanol : acetic 
acid 3 : 1. Air-spread metaphase preparations were 
processed for Giemsa staining with or without 
G-banding 1~ or NOR silver staining.l~ Metaphases 
were examined for chromosomal aberrations, num- 
ber and size of DM, and size and number of NORs. 

RESULTS 

Metaphase preparations were undertaken upon 
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the observation of cell growth in HeLa cells which 
had been transferred from a lower to a higher MTX 
dose level. Figure 1 shows the distribution of 
chromosome numbers at the earliest possible stages 
of growth of HeLa cells resistant to various doses of 
MTX. 

The hyperdiploid modal chromosome number of 
HeLa (64, 66) stayed relatively stable up to MTX 
dose level 1.0 Ixg/ml. Seven days after transferring to 
MTX 2.1 rtg/ml, the modal chromosome number 
increased to hypotetraploidy (76-88) and remained 

at this level after transfer to MTX 3.0 txg/ml as well. 
With subsequent transfer to MTX 10.0 ~tg/ml, the 
modal chromosome number decreased to 60-68 and 
the hypotetraploid mode (76-88) disappeared 
almost completely. This mode remained stable for as 
long as the cells have been maintained in culture (by 
the date of submission of this manuscript: 13 
months). 

An increase in the percentage of hypertetraploid 
cells within the MTX-treated cell populations, in 
comparison to sensitive HeLa, was noticed during 
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Fig. 1. Histograms of chromosome number distribution in HeLa cells during development of MTX-resistance by gradual 
dose increases. Chromosome preparations were made 7-10 days after each dose increase. DMs were excluded from the 

chromosome number for each cell examined. 



the initial stages of MTX-treatment  at concentra- 
tions 0.1, 0.3 and 0.5 p.g/ml. At dose levels 1.0, 2.1 
and 3.0 p.g/ml this increase became more profound,  
followed by a decrease to the initial levels at 10.0 
and 100.0 gg/ml (Table 1). 

The development of resistant cells at MTX 0.1-0.5 
lag/ml required a long time (3-5 weeks) of t reatment 
with frequent medium changes to remove the 
abundant dead cells. At this initial stage giant round 
cells were very frequently located among obviously 
malformed cells with fragmented nuclei and large 
cytoplasmic vacuoles. 
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ture of cells with ~< 9I chromosomes,  resistant to 
MTX 1.0, 2.1 and 3.0 p,g/ml particularly. In the 
fraction of cells with I> 92 chromosomes the 
presence of dicentrics was very profound at all 
MTX dose levels, and particularly after 0.5 p,g/ml 
(Fig. 2, b and f). Dicentrics at the later levels of 
resistance (10.0 and 100.0 gg/ml) were observed 
almost exclusively in hypertetraploid cells. 

DMs appeared in metaphases .of HeLa cells 
resistant to all MTX doses above 0.3 p,g/ml (Fig. 2, 
a-h).  The proportion of cells with DMs increased 
after maintaining cells on the same MTX dose for a 

Table 1. Chromosomal situation in HeLa cells acquiring resistance to MTX by gradual dose increases* 

% of cells with 
% of structural chromo- % of cells with % of cells with DMs 

MTX Predominant hyper- somal abnormalitiest dicentrics (range/cell) (range/cell; mean) 
dose chromosome tetraploid 

0xg/ml) numbers* ceils 
Total Cells with Cells with chrom. No. Cells with chrom. No. 
cells chrom. No. 

~<91 /> 92 ~<91 /> 92 ~<91 >~92 

0 64,66 11.6 0.74 1 (1) 0 0 0 
0.1 64,66 15.4 11.5 10.0 20.0 1.8 (1-2) 15 (4-8) 0.9 (1) 0 
0.3 64,66 17.5 5.8 3.0 19.0 0 19 (4-8) 2.0 (1) 9.5 (2--6;4) 
0.5 67 17.7 18.6 7.9 68.4 1.1 (2) 68.4 (4-22) 3.4 (2-33;8) 31.5 (2-64;22) 
1.0:1: 65,66,67 29.1 30.0 15.3 65.6 3.8 (1-2) 62.5 (2-16) 21.7 (2-28;8) 53.1 (6--40;28) 
2.1 82 23.1 23.7 13.6 48.4 3.6 (1-2) 48.4 (4-24) 66.3 (2-125;37) 69.7 (14-126;39) 
3.0 82 25.7 33.3 20.4 70.5 2.0 (1-2) 55.8 (4-12) 91.8 (2-88;42) 88.2 (4-146;88) 
10.0:I: 62,63 15.1 15.1 9.3 47.3 0.9 (1) 47.3 (4-14) 85.1 (8--140;49) 94.7 (20-210;86) 
I00.0:1:62,63 17.2 25.4 21.7 40.9 0 38.1 (4-18) 98.1 (6--152;83) 95.2 (12-182;96) 

*More than I00 metaphases were examined in each case. DMs were excluded from the chromosome number for each cell 
examined. 
tDMs were excluded from these results, since they represent a specific feature examined separately. 
:[:HeLa cells resistant to MTX 1, 10, and 100 lag/ml, designated as HeLa-MTX1, HeLa-MTXIo, and HeLa-MTXlt~b 
respectively, were maintained in the presence of the drug for about six months and some of their characteristics after this 
period in culture have been previously reported. 6 

Structural chromosome aberrations at the various 
levels of resistance included chromatid and chromo- 
some breaks, fragments, rings, triradials, quadrira- 
dials, dicentrics, and acentric rod-like fragments 
(Table 1; Fig. 2, a-f).  After cultivation in the 
presence of the same MTX dose for longer than 2 
months, the percentage of MTX-resistant cells with 
chromosomal abnormalities decreased to very low 
levels approximating the value in sensitive HeLa.  At 
this time the percentage of cells containing DM also 
increased in comparison to values obtained after 
about seven days of culture at the same MTX dose. 
This time most possibly includes the time limit for 
the complete establishment of the resistance in the 
cell population by gradual elimination of the sensi- 
tive, or,  alternatively, genetically unstable cells. 

Dicentric chromosomes were a remarkable fea- 

long time, but the number  of DMs/cell remained 
within a consistent range. The number  of DMs/cell 
increased with higher levels of resistance reflecting 
the increase in the production of D H F R  as estimated 
by polyacrylamide gel electrophoresis (PAGE) .  6 
The size of DMs and the distance between dots in 
each DM varied considerably (e.g. Fig. 2, d,e,g). 
Large 'double rod'  bodies were also frequently 
observed, particularly in hypertetraploid metaph- 
ases (e.g. Fig. 2a). HSR were not observed, 

The amount of Ag-stain on NORs,  scored as 
previously described, 6 significantly increased in all 
MTX-resistant lines above the level of 0.3 p.g/ml. At 
0.1 and 0.3 p,g/ml the amount  of Ag-stain on NORs 
was as that observed in sensitive-untreated HeLa.  
The appearance of increased Ag-stain on NORs 
paralleled the appearance of  D H F R  activity as 
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Fig. 2. (a) Partial metaphase of a polyploid HeLa cell prepared 7 days after transfer from MTX 0.3 to 0.5 t~g/ml. Large 
rod-like acentric fragments and several DMs are present. 
(b) Partial metaphase of a polyploid HeLa cell prepared 4 days after transfer from MTX 1.0 to 2.1 I~g/ml. Numerous (more 
than 16) dicentrics of various sizes are present (some indicated by arrows). 
(c) Metaphase of HeLa cell prepared 12 days after transfer from MTX 0.5 to 1.0 p.g/ml. Numerous crossings, fragments and 
DMs are present. 
(d) Metaphase of a HeLa cell, with 61 chromosomes, prepared 7 days after transfer from MTX 3.0 to I0.0 Ixg/ml. Three ring 
chromosomes (arrows) and numerous small size DM (more than 60) are present. 



determined by PAGE of cell lysates. ~' At MTX 
levels of 0.1 and 0.3 gg/ml no D H F R  activity was 
obtained on gels. At higher levels, no change in the 
electrophoretic mobility of D H F R  in PAGE was 
observed. 

DISCUSSION 

Methotrexate resistance, developed by the addi- 
tion of ever-increasing amounts of the drug to cells 
in culture, is a unique example of a genome's 
response to environmental pressures. Although the 
terminal situation of this process, characterized by a 
multifold amplification of the D H F R  structural 
gene, has been studied in considerable detail from 
both cytogenetical and molecular biological views, t- 
9.~z the early steps toward resistance are still 
obscure. It has been assumed that an initial 'fortuit- 
ous' duplication of the reductase locus may become 
the focus by which, through step-wise addition of 
more copies of the gene by means of unequal 
crossing-over, the genome could ~respond to the 
pressure brought on by the progressively increasing 
concentrations of the drug. a3 It is, however, un- 
known whether such a pressure could be manifested 
(or associated) with certain specific chromosomal 
anomalies. In a previous report, there are indica- 
tions that chromosome loss and ring chromosomes 
may precede the increase of the HSR. s 

From the results presented here, it is evident that 
both the percentage of cells containing DMs and the 
number of DMs/cell increase following acquirement 
of resistance to a higher MTX dose level. At dose 
levels 0.1-1.0 Ixg/ml the percentage of cells with 
/> 92 chromosomes containing DMs is significantly 
higher than the corresponding value in cells with 
~< 91 chromosomes. It is remarkable that in all MTX 
dose levels in the cell population with/> 92 chromo- 
somes, the predominant (or in most cases the 
exclusive) chromosomal abnormality observed was 
dicentrics. Obviously, during the 7-10 days of 
culture at a higher MTX dose, before metaphase 
preparation, the population is cleared from cells 
with a genetically unstable, lethal chromosomal 
constitution. The surviving cell fraction must then 
carry properties specifically associated with the 
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potential of further resistance development.  In these 
surviving fractions, we found both an increased 
ploidy and presence of abundant dicentrics. There- 
fore, considering the present results, we suggest that 
the initial step in the process of development of 
resistance to MTX is characterized by a remarkably 
increased ploidy (from 0.1 to 3.0 ~tg/ml) during 
which cells with dicentrics predominate and eventu- 
ally cells with increasing numbers of DMs emerge in 
parallel with MTX dose increases. At  higher doses 
(10 and 100.0 ~tg/ml; advanced resistance level), 
potyploidy drops together with the presence of 
dicentrics, while DM number reaches its highest 
level. The step from 3.0 to 10.0 p.g/ml, and then 100 
gg/ml, did not require a particularly long time for the 
acquirement of resistance and cell growth. This may 
indicate that the basic prerequisites for the develop- 
ment of higher-level resistance have been ascertain- 
ed earlier. 

The elucidation of the mechanism of development 
of resistance to MTX in mammalian cells cultured in 
vitro may reveal new ways of confronting the same 
phenomenon in the cancer patient. ~4"~5 
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