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Cancer chemotherapy 

DNA amplification and 
multidrug resistance 
from Piet Borst 

SINCE 1978, when Robert Schimke and his 
co-workers showed that it could be 
associated with the development of drug 
resistance in eukaryotic cells 1, gene 
amplification has been shown to underlie 
resistance to several drugs and toxic com
pounds in a variety of eukaryotic cells, in
cluding such unicellular organisms as fungi 
and protozoa (see ref. 2 for an excellent re
cent review).· There have also been hints 
that it underlies another form of drug 
resistance in mammalian cells - the in
triguing multidrug resistance (or pleio
tropic drug resistance) in which the induc
tion of resistance to one drug leads to cross
resistance to a motley assembly of other 
drugs with widely different chemical struc
tures and cellular targets 2-6. Direct 
evidence that multidrug resistance is due to 
gene amplification has been missing. That 
lacuna is filled by the paper of Roninson et 
at. on page 626 of this issue 7• 

Schimke's studies were on the develop
ment of resistance to methotrexate (MTX), 
an inhibitor of the enzyme dihydrofolate 
reductase (DHFR). Resistance to it can 
arise in at least three ways 3.4: by a decrease 
in the carrier-mediated uptake of MTX; by 
the production of an altered DHFR; and by 
the increased production of normal 
DHFR. Schimke and co-workers showed 
that the third route involves an amplifica
tion of the structural gene for DHFR 1• 

How does the genome know that DHFR 
has been blocked by MTX? The answer 
seems to be simple: MTX inhibits cellular 
DNA synthesis; when the block is released 
by removal of the drug, chromosome seg
ments that have partially replicated will not 
only continue the old replication round but 
also re-replicate, producing an extra copy 
of that region. Once gene amplification is 
underway, selection with MTX ensun s 
that cells with the largest number of copies 
ofthe DHFR gene will have the bestchance 
of surviving. By stepwise increase of the 
drug concentration, one can eventually ob
tain cells with many copies of the gene. (For 
more on the relationship between amplifi
cation and replication the reader is referred 
to David Denhardt's article in these col
umns last week 8.) 

The extra gene copies produced by 
ampliQcation may either be re-inserted 
back into chromosomes to yield homo
geneously staining regions (HSRs) or re
main as extra 'minute' chromosomes, 
often found in pairs as double minutes. 
HSRs are stable when cells are grown 
without drug, but maintenance of double 
minutes usually requires continuing drug 
selection because they lack a centromere. 
Random distribution of double minutes 

among daughter cells and loss to the 
cytoplasm rapidly leads to the emergence 
of cells that have lost most or all of their 
double minutes; this instability is a 
hallmark of drug resistance due to this type 
of gene amplification (see refs 2, 9-11). 

The presence of double minutes in multi
drug-resistant cells, as well as the unstable 
nature of multidrug resistance, has strong
ly indicated that this, too, is due to gene 
amplification 12•13• Resistance of this type 
can be induced with colchicine, a drug that 
prevents tubulin polymerization, or with 
one of the carcinostatic anthracyclines, 
drugs with diverse effects on cells. Cross
resistance develops to a group of drugs 
whose only features in common are a mole
cular weight between 350 and 1,250 and an 
amphiphilic aromatic nature. This 
indicates that multidrug resistance is due to 
altered drug transport, but whether the 
mutation results in decreased drug entry, 
increased efflux or a combination of these 
mechanisms is still not certain 2•5• 

A corollary of this type of drug resis
tance is the overproduction of a large 
membrane glycoprotein with a molecular 
weight around 170,000. A reasonable 
hypothesis is that this membrane glycopro
tein is encoded in the amplified DNA 13• 

This cannot be the whole story, however, 
because different multidrug-resistant cell 
lines show different degrees of cross-resist
ance to individual drugs. 

The direct evidence for gene amplifica
tion in multidrug resistance provided by 
Roninson et at. in this issue of Nature 
comes from the use of an elegant, in-gel, 
renaturation technique. The authors show 
that two multidrug-resistant Chinese ham
ster cell lines contain amplified DNA seg
ments, absent in revertants. They have 
cloned one of the amplified segments as 
recombinant DNA in Escherichia coli and 
show that the degree of drug resistance 
correlates with the number of copies of this 
segment in the DNA of resistant cells. The 
two cell lines have different patterns of 
cross-resistance, and it is therefore of 
interest that the two lines have only part of 
the amplified DNA segments in common. 
This suggests that at least three proteins can 
contribute to multidrug resistance: one 
preferentially induced by anthracylines, 
one by colchicine and one induced both by 
anthracyclines and by colchicine. It should 
not be too long before the gene products 
of these amplified genes have been 
identified. 

What is the relevance of this sophisticat
ed molecular biology to the clinician treat
ing cancer patients? Only limited informa
tion is available to answer this question. 

Amplification of the gene for DHFR has 
been shown to occur in tumour cells from 
patients who have had prolonged treat
ment with MTX 14•18• Multidrug resistance 
is frequently observed in patients, but 
whether gene amplification contributes to 
it is not known. Once the amplified genes in 
multidrug-resistant human cell lines have 
been cloned it should be easier to test for 
amplification of these genes in tumour 
biopsies by standard molecular and 
cytological hybridization techniques. I 
expect that these experiments will give 
positive results in a significant fraction of 
patients exposed to intensive treatment 
with carcinostatic drugs. Most carcino
static drugs block DNA replication; some 
of these drugs act on DNA in a similar 
fashion to certain carcinogens which are 
among the most effective inducers of gene 
amplification 1• 19·21 ; and the schedules of 
drug administration used by clinicians are 
not incompatible with induction of gene 
amplification. 

If gene amplification is important for 
clinical multidrug resistance, a more com
plete understanding of the phenomenon 
might be useful. Knowledge of which gene 
is amplified could allow prediction of 
cross-resistance to other drugs. Knowledge 
of the detailed mechanism of drug exclu
sion could lead to the design of modified 
drugs not affected by the exclusion 
mechanism. The membrane proteins over
produced could form useful targets for 
antibody-coupled toxins. Multidrug 
resistance is obviously an area where gene 
amplification will induce research amplifi
cation. D 
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