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In this article we review studies in our
laboratory concerning the molecular
mechanism for the development of re-
sistance of cultured mouse cells to the 4-
amino analog of folic acid methotrexate
(MTX). We show that this resistance re-
sults from a selection of cells with higher
contents of a specific enzyme, dihy-
drofolate reductase (DHFR) and corre-
sponding increases in the number of cop-

lyzes the reduction of dihydrofolate to
tetrahydrofolate (3). Tetrahydrofolate is
required for single carbon transfer (such
as —CH; or —CH,") reactions for gly-
cine, purine, and thymidylate synthesis.
Thus inhibition of DHFR prevents de
novo synthesis of key precursors of pro-
teins and nucleic acids.

Continued administration of MTX to
patients often results in the emergence of

Summary. Resistance of mouse cells to the folate analog, methotrexate, results
from selection of increasingly resistant cells on progressive increases of methotrexate
in the culture medium. High-level resistance is associated with high rates of synthesis
of dihydrofolate reductase and correspondingly high numbers of reductase genes. In
some variants high resistance and gene copy number are stable in the absence of
selection pressure, whereas in others they are unstable. Analogies are made to anti-
biotic and insecticide resistance wherein selection of organisms with increased ca-
pacity to counteract the drug effect results in emergence of resistance. Gene ampli-
fication may underlie many such resistance phenomena.

ies of the gene coding for this enzyme,
that is, gene amplification. In some cells
the amplified genes are stable in the ab-
sence of selection pressure (MTX),
whereas in others the genes are unstable.
The properties of this resistance are
analogous to many cases of the emer-
gence of drug resistance in bacteria-and
insects (/). Thus, gene amplification may
be also involved in these instances.

Methotrexate Resistance in Cultured Cells

Methotrexate, a 4-amino analog of fo-
lic acid, is commonly used in the treat-
ment of malignancy (2). It kills cells by
specifically inhibiting dihydrofolate re-
ductase (DHFR), the enzyme that cata-
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drug-resistant tumors; these tumors are
generally associated with an increased
content of DHFR (2). Methotrexate re-
sistance can also be obtained in cultured
murine and hamster cells. Three mecha-
nisms for this resistance have been de-
scribed: (i) An increase in DHFR occurs

-@-7); highly resistant variants are ob-

tained only by a stepwise selection with
progressive increments in MTX in the
medium. Treatment of cells with com-
mon mutagens does not increase the fre-
quency of emergency of resistance as a
result of elevation in DHFR. Resistance
accompanying high DHFR levels results
from the fact that at any concentration of
MTX in the medium, if there is more en-
zyme, some enzyme molecules will be in
an uninhibited state and hence will per-
mit cell growth. (ii) Alterations in the
structure of DHFR such that the high af-
finity for MTX is lost; hence enzyme is
no longer effectively inhibited (8, 9). (iii)
Alterations in transport of MTX into
cells such that the intracellular concen-
tration of MTX is minimal; hence DHFR
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is not inhibited (/0). Resistance by mech-
anisms (ii) and (iii) rarely occurs sponta-
neously but can be enhanced by muta-
genesis (/1). Cultured cells can also be-
come resistant to MTX by combinations
of the above mechanisms.

Molecular Mechanism for Increased
Dihydrofolate Reductase

We have been studying the molecular
mechanism responsible for the increased
content of DHFR in resistant cells de-
rived from the murine sarcoma cell line
S-180 (6). Resistant cells (AT-3000 and
clones derived from that cell line) are re-
sistant to 3000 times the MTX concentra-
tion that kills sensitive cells (S3) from
which the resistant line was derived. The
AT-3000 cells contain approximately 200
times as much DHFR as the S3 cells, as
judged by enzyme assays and stoichio-
metric binding of MTX to DHFR (6) as
well as by immunologic criteria in which
a highly specific antibody is used (/2).

Experiments on the labeling of cellular
protein with radioactive amino acids and
isolating DHFR by specific antibody pre-
cipitation indicate that the 200-fold in-
crease in enzyme can be accounted for
entirely by an increased rate of its syn-
thesis (/2). A similar conclusion has
been made by Hanggi and Littlefield for
a MTX-resistant cell line derived from
baby hamster kidney (BHK) cells (/3).
The only protein that is detectably dif-
ferent in extracts of sensitive and of re-
sistant cells is a peak corresponding to a
molecular weight of 21,000, the size of
the DHFR molecule (Fig. 1). In the re-
sistant cells, DHFR constitutes approxi-
mately 3 to 4 percent of the total cell pro-
tein. Thus, by this admittedly imprecise
criterion, the alteration in resistant cells
appears to be limited to the synthesis of a
single protein.

In order to quantify the cell content of
DHFR specific messenger RNA (nRNA)
and the number of DHFR genes, we
have used nucleic acid hybridization
techniques. The molecular probe used is
DNA complementary (cDNA) to dihy-
drofolate reductase mRNA (/4). Figure
2 shows the results of kinetic hybridi-
zations of the cDNA with (i) an excess
of total mRNA to quantitate the relative
content of DHFR mRNA and (ii) an ex-
cess of cellular DNA to determine the
relative number of DHFR genes in sensi-
tive and resistant cells. The degree of ac-
celeration of hydridization of c¢DNA
measures the relative differences in the
mRNA contents and the number of gene
copies. There is an approximately 200-
fold acceleration in the rate of hybridiza-
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AT-3000 cells: 14C (103 count/min)

Fig. 1. Comparison of
pulse-labeled soluble pro-
teins from sensitive and re-
sistant S-180 cells. Grow-
ing cultures of S3 and AT-
3000 cells were labeled
with [*H]leucine (®---®) or
[“Clleucine (O---O), re-
spectively. Soluble protein
extracts were subsequently
mixed and subjected to
electrophoresis on sodium
docecyl sulfate polyacryla-
mide gels (/2). [Courtesy
of the Journal of Biological
Chemistry]

S3 cells: 3H (103 count/min)

Slice number

tion of cDNA with RNA from resistant
cells as compared to the rate for sensi-
tive cells. Thus, the difference in enzyme
content and rate of its synthesis results
from a comparable increase in the
amount of DHFR mRNA. There is a
comparable acceleration in the rate of
hybridization of cDNA with DNA, in-
dicating that there is a comparable ampli-
fication of the number of DHFR genes.
Table 1 summarizes data for two mu-
rine cell lines, indicating the correspon-
dence between enzyme levels, mRNA
content, and gene copy number. More
recently we have found in other MTX-
- resistant cell lines with increased DHFR
levels, including murine L 5178Y, ham-
ster BHK, and hamster CHO, an in-
creased gene copy number commensu-
rate with the increased enzyme levels
(15).

Stability and Instability of Cell

Resistance to Methotrexate

The AT-3000 line, as well as a number
of cloned sublines, were found originally
to retain high enzyme levels only when
maintained continually in the presence of
MTX (/2). Instability in the absence of
selection pressure has been reported
with a number ¢, 6, 7) but not all (7, /1)
resistant cell lines. High enzyme levels
and rates of enzyme synthesis decline
rapidly when a clone (R1) of the AT-3000
cells that contain 100 times as much
DHFR as S3 cells is grown in the ab-
sence of MTX. After approximately 20
cell doublings, the resulting population
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of cells contains only 50 percent of the
initial enzyme activity (Fig. 3). The same
R1 cells that were cultured in 50 uM
MTX continuously for 2 years were ex-
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Fig. 2. Comparisons of the relative amount of
dihydrofolate reductase RNA and gene num-
ber. (A) Hybridizations of tritiated DNA com-
plementary to DHFR mRNA were under-
taken with poly(A) RNA from MTX-sensitive
(O) cells and MTX-resistant (@) cells. (B)
Same as (A) except that DNA was used in-
stead of poly(A) RNA. The dotted line in-
dicates the percent of double-stranded DNA
determined from absorbancy; O, sensitive
cells; A, resistant cells. The difference in the
rate of hybridization is an indication of the rel-
ative differences between the two cell popu-
lations (12). [Courtesy of the Journal of Bio-
logical Chemistry]

amined for the rate of reversion of resist-
ance in the absence of MTX (Fig. 3). Af-
ter 2 years of continuous culture in
MTX, the cells reverted to lower-level
resistance more slowly and became
stably resistant, with enzyme levels ap-
proximately 50 times those of sensitive
cells. This difference appears to result
from changes associated with growth of
the cells continually in MTX over a 2-
year period, since R1 cells that had been
frozen away at the time of the original
experiment showed the same rapid re-
version to low-level resistance observed
originally. Thus, a cell population that
was originally unstable with respect to
MTX resistance has subsequently be-
come stabilized.

The question arises as to whether the
revertant cell population at the point
where enzyme levels are 50 percent of
the initial levels consists of 50 percent of
cells synthesizing DHFR at the high rate
and 50 percent at the rate of sensitive
cells, or whether it consists of a popu-
lation that synthesizes DHFR at an inter-
mediate rate. We have studied this ques-
tion in two ways. We have determined
(Fig. 4) the resistance of the cells to
MTX (7). When R1 cells were grown in
the absence of MTX for more than 400
cell doublings (designated R1A-400),
they contained ten times as much en-
zyme as S3 cells, and they were corre-
spondingly more resistant than the S3
cells to MTX. The R1 clone of AT-3000
was highly resistant, and a 50:50 propor-
tion of R1 and R1A-400 cells showed the
expected mixed sensitivity. The R1 cell
population (circles of Fig. 3) that has re-
verted to a point where the synthesis of
DHFR was only at 50 percent that of the
R1 cells grown in MTX displays a killing
curve of cells with approximately 50 per-
cent of the DHFR content of the Rl

“cells. However, the MTX Kkilling curve of

the partially reverted R1 cells is not that
of a unique cell population in which each
cell contains a uniform content of
DHFR. This is in keeping with the het-
erogeneity in enzyme content and cell
(see below). We have also used a method
that allows for quantifying DHFR in indi-
vidual cells (see below) and have come
to the same conclusion—namely, that, in
the partially reverted population, cells
contain approximately 50 percent of the
enzyme level of the R1 cells.

Quantifying Dihydrofolate Reductase
in Individual Cells

Since the cell populations that we
study are not likely to be uniform with
respect to enzyme content (and gene
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copy number), we have devised a meth-
“od for ascertaining the amount of DHFR
in individual cells (/6). This method is
based on the ability of a fluorescein de-
rivative of MTX to bind specifically, and
with high affinity, to DHFR. The quan-
titative binding allows for the use of the
Fluorescent-Activated Cell Sorter both
to quantify the enzyme per cell and to
separate cell populations on the basis of
differing enzyme content. The distribu-
tion of cells is plotted as a function of flu-
orescence per cell (Fig. 5). We have
found that fluorescence is a linear func-
tion of the specific enzyme activity and
the rate of enzyme synthesis (/6). In ad-
dition we have found that fluorescence is
linearly related to gene copy number
(I5). The S3 cells (Fig. 5C) constitute a
uniform population with virtually no flu-
orescence, whereas the R1A-400 cells
constitute a separate and nonoverlapping
population with higher enzyme content.
Figure 5A shows the fluorescence distri-
bution of the R1 cells grown for 2 years
continuously in MTX (see Fig. 4) and
shows a skewed distribution at the high
fluorescence end (note change in scale).
The highly fluorescent cells have been
sorted under sterile conditions to obtain
cells with high fluorescence (see arrow)
and analyzed immediately for their fluo-
rescence distribution (dotted lines).
When these cells are grown for ten cell
doublings in the absence of MTX, the en-
zyme levels are not noticeably changed.
However, after 7 weeks of growth in the

Table 1. Dihydrofolate reductase, mRNA,
and gene copy number in various murine cell
lines. The cell lines are described in the text
(13). The values are relative.

Cell Sszcigc mRNA Gene
line Zc tis\/'i t; sequences  copies
S-180
S3 1 1 1
AT-3000 250 250 250
L1210
S 1 1
R 35 35

absence of MTX, enzyme levels are re-
duced by approximately 40 percent and
the fluorescence distribution (Fig. 5B) is
correspondingly altered as two discrete
cell populations begin to appear; these
populations are stable with respect to en-
zyme levels and MTX resistance in that
they show approximately 20 and 50 times
as much enzyme as the S3 cells.

By means of these techniques, we
have been able to demonstrate a hetero-
geneity in DHFR levels in cells in which
the amplified genes were unstable. When
these cells were grown without selection
pressure, several different cell popu-
lations emerged with differing enzyme
content per cell. Inasmuch as the cells
sorted for high enzyme content did not
overlap with the distribution of cells that
eventually stabilized with respect to en-
zyme content, it is unlikely that our orig-
inal sorting contained a few cells that had

less enzyme and became the dominant
cells upon subsequent growth. We have
also cloned a number of cells from the
sorted population with very high enzyme
content (Fig. 5). Each of these individual
clones likewise reverted progressively
when grown in the absence of MTX,
strengthening our conclusion that indi-
vidual cells lose capacity for high en-
zyme synthesis. Reversion with respect
to enzyme content is also associated
with comparable decreases in resist-
ance to MTX (/5).

Possible Mechanisms of Gene
Amplification and Loss '

The following is an interpretation of
our results in the context of current
thoughts on how gene duplication-ampli-
fication events normally occur in orga-
nisms. The generation of increasingly re-
sistant cells by stepwise selection with
increasing concentrations of MTX sug-
gests that the process resulting in a high
degree of gene amplification occurs by
steps, beginning with an initial dupli-
cation, then selection of those cells with
the duplicated DNA sequence, and final-
ly further amplification and further selec-
tion.

Gene duplications have been demon-
strated in various organisms, including
Escherichia coli, bacteriophage lambda,
Salmonella typhimurium, and Drosoph-
ila melangaster (17, 18). A high selection
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Fig. 3. Loss of dihydrofolate reductase activities in S-180 cells grown
in the absence of methotrexate. R1 cells (a clone of AT-3000) were
grown in the absence of MTX for various cell doublings. Enzyme ac-
tivities or rates of DHFR synthesis were determined (/5). Squares are
cells studied 2 years ago; M, enzyme levels; [J, rates of synthesis.
Triangles are those same cells studied in the last 6 months but stored
frozen in the interim; A, enzyme levels; A, rates of synthesis. Circles
are R1 cells grown continuously in MTX for more than 2 years prior to
removal from MTX; @, enzyme levels; O, rates of synthesis. [Courte-
sy of the Cold Spring Harbor Symposium on Quantitative Biology|
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Fig. 4. Methotrexate sensitivity of sensitive, resistant, and revertant
cell lines. Methotrexate sensitivity was determined by a growth assay
in which 10° cells were innoculated into media containing different
concentrations of methotrexate. When the exponentially growing cul-
tures reached late log phase, the cells were washed, scraped, and
counted (Coulter counter). The number of each concentration of
methotrexate was calculated from duplicate flasks all of which varied
by less than 10 percent. The results were then expressed as a percent
of control, which was determined from the growth rate of that line in
the absence of methotrexate. The cloned sensitive cell line S3 had a
doubling time of 16 hours, whereas all other lines had doubling times
of 23 hours. A—A, the resistant R1 line; ®—@®, the sensitive line;
O—O and A—A, low-level revertants and high-level revertants;
0—0, a 50:50 mixture of low-level revertants and RI resistant cells.
[Courtesy of Cold Spring Harbor Press]
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Fig. 5. Dihydrofolate reductase in
individual methotrexate sensitive
and resistant cell populations. (A)
Distribution of sensitive (S3) and
cells derived from AT-3000 (see
Fig. 3) cells grown over 400 cell
doublings in the absence of MTX.
(B) R1 cells similar to those which
revert slowly as indicated in Fig. 3 0
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cutoff point at which cells with high
fluorescence were sorted. The dot-
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ted line indicates the fluorescence distribution as analyzed immediately after the sort. (C) The
sorted cells when grown 120 cell doublings in the absence of MTX.

pressure was exerted to demonstrate
their existence. Anderson et al. (I8) have
estimated that in S. typhimurium dupli-
cations of genes in the histidine operon
occur with a frequency as high as 0.1
percent of the cell population. Inter-
estingly, such duplicated genes can be
highly unstable (/8) and therefore would
not be detected by standard genetic anal-
yses.

We propose that, in the cultured cells
that we have been studying, a random
duplication of genes occurs as an infre-
quent event. When grown in low concen-
trations of MTX, those occasional cells
with the duplicated gene will have a
growth advantage. An initial DHFR gene
duplication could occur by a number of
different mechanisms, including unequal
crossing over (/9) or uptake of a DNA
segment from killed cells (20) which is in-
tegrated into a chromosome adjacent to
the resident gene (2/) or disproportion-
ate replication (22).

Once a gene is initially duplicated tan-
demly, further amplification can occur
by unequal crossing over, uptake of
DNA from lysed cells, or generation of
extrachromosomal sequences from roll-
ing circle replication (23). Various com-
binations of these mechanisms could re-
sult in different genomic organizations
for the amplified genes. Cytological stud-
ies of Biedler (24) indicate specific ab-
normalities which were described as
‘‘expanded homogeneously staining
chromosomal regions’’ in single chromo-
somes in MTX-resistant hamster lung
cell lines, which are not present in the
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sensitive parental cells. We have recent-
ly shown that a similar homogenously
staining region on a single chromosome
of a MTX-resistant Chinese hamster
ovary cell line contains the DHFR
genes by in situ hybridization with
mouse DHFR ¢cDNA (25). Thus at least
in the Chinese hamster ovary cell line,
the genes, which are stably amplified,
are located to a chromosome.

The loss of genes from cells can occur
by the reversal of the processes produc-
ing amplification. Unequal crossing over
would result in one daughter cell with
more genes and one with less. Excision
of chromosomal genes with subsequent
loss would result in all cells having de-
creased gene numbers. Thus, a popu-
lation of cells generated from any given
cell with amplified genes would vary
with respect to gene number, thereby re-
sulting in a heterogeneous cell popu-
lation, as is indicated in Fig. 5. When a
population of cells is placed under more
stringent selection, that is, increased
MTX concentration, those cells with
more highly amplified genes will be se-
lected. We have found that within a pop-
ulation of cells unstably amplified for
DHFR genes, cells with a lower gene
copy number have a slightly shorter gen-
eration time (/5) than those with high
gene copy numbers. Hence, when cells
are grown without MTX, the population
of cells ultimately emerging will appear
to have lost genes because of differential
growth rates.

Why is it, then, that resistant S-180
cells grown in the presence of MTX con-

tinuously for 2 years have acquired the
property of stability with respect to high
enzyme content and resistance (and pre-
sumably high gene number)? We pro-
pose that fixation of stable resistance can
be explained on the basis of selection of
that population of cells that has maximal
growth potential at a fixed MTX concen-
tration. If cells are both amplifying and
losing genes continuously, cells that lose
too many genes (and lose high DHFR
levels) will be killed (Fig. 4) and those
cells with highly amplified DHFR genes
(relative to that required for growth at
the MTX concentration) will be at a
growth disadvantage. Consequently, for
maximal growth of the cell population,
those occasional cells that have a num-
ber of genes appropriate for survival at
the MTX concentration and that do not
undergo loss or amplification will be-
come dominant within the population af-
ter a number of generations.

At present we have no definitive infor-
mation concerning the molecular mecha-
nism (or mechanisms) for fixation of the
DHFR genes. Possible mechanisms in-
clude (i) translocation of genes from a
tandem array such that they cannot un-
dergo recombination events resulting in
gene loss; (ii) loss (deletion) of a protein
or enzyme involved in recombination
processes (/9); (iii) integration of un-
stable, extrachromosomal genes into a
chromosomal site (or sites); and (iv) loss
of sequences that flank the DHFR genes
and are involved in recombination pro-
cesses. Such proposed sequences would
be analogous to ‘‘insertion sequences’’
found in bacterial genomes (26).

Is the amplification of genes in cul-
tured mammalian cells unique to DHFR,
or do comparable phenomena occur with
other genes? A number of investigators
have described the selection of cultured
cells resistant to normally lethal concen-
trations of 25-hydroxycholesterol, de-
oxynucleosides, and N-(phosphoacetyl)-
L-aspartate (PALA), which have been
found to contain from 2- to 100-fold in-
creases in activities of hydroxymethyl-
glutaryl CoA reductase (E.C. 4.1.3.4)
(27), ribonucleotide reductase (E.C.
1.17.4.1) (28), and aspartate transcar-
bamylase (E.C. 2.1.3.2) (29), respectively.

Stark and his colleagues have recently
found that PALA resistance is associat-
ed with an amplification of aspartate
transcarbamylase genes in their cultured
cells (30). Whether other instances of re-
sistance in cultured mammalian cells re-
sults from gene amplification awaits fur-
ther study.

The extent to which amplification of
genes underlies other instances of drug
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resistance is still unknown. However,
the properties of resistance of cultured
cells to MTX, including (i) a stepwise se-
lection of progressively resistant cells;
(ii) an increase in a specific protein pres-
ent at low levels in sensitive cells, which,
when present in larger amounts, results in
resistance; and (iii) stable or unstable re-
sistance in the absence of selection pres-
sure, have analogies both in antibiotic
(31) and insecticide resistance (32). Re-
cently Normark et al. (33) have, in fact,
shown that penicillin resistance in E. coli
K, obtained by stepwise selection results
in chromosomal amplification of the gene
for B-lactamase (penicillinase).

Our studies with MTX resistance pro-
vide further rationale for the principles
of drug therapy (whether for bacteria,
malignancies, or insects), including the
use of multiple drugs, each in sufficient
amounts to effect killing separately;
treatment for only as long as necessary
and with drugs not retained in the envi-
ronment; and use of a second set of mul-
tiple drugs if resistance develops (I, 34).
On the basis of the concept of gene am-
plification as a mechanism of drug resis-
tance, the drugs used should not be
counteracted by amplification of a single
DNA sequence. Our results suggest that
the prolonged administration of a single
drug in ever increasing concentrations,
which is retained in the environment, is
precisely that form of administration

most likely to result in amplification of
genes in a stable state, thereby imparting
stable resistance.
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A Proposal to Modernize
the American Antiquities Act

Robert Bruce Collins and Dee F. Green

The Act for Preservation of American
Antiquities became law in June 1906 (/).
The act was passed during a time in
U.S. history when people first began to
realize that the American frontier, cele-
brated in Frederick Jackson Turner’s
epochal paper (2), was not endless, and
that the time had come to conserve the
nation’s natural resources and preserve
its historical and archaeological heritage.
Since the 1890’s there had been great
public interest in the art and history of
the Indians of the southwestern United
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States, and this interest had created a
great demand for authentic prehistoric
artifacts. As a result, ruins and cliff
dwellings, such as Casa Grande, Mesa
Verde, and Chaco Canyon, were indis-
criminately excavated and vandalized.
There were no state and federal laws that
provided for the protection of prehistoric
sites, and there were few professional ar-
chaeologists. Thus, the need for pro-
tective legislation was particularly acute
when the Antiquities Act was passed in
1906.
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The act, which was codified in section
433, title 16 of the U.S. Code, prohibited
the appropriating, excavating, injuring,
or destroying of any ‘‘historic or pre-
historic ruin or monument’’ or ‘‘object of
antiquity’’ found on government-owned
or -controlled land, without the per-
mission of the secretary of the depart-
ment of the government having juris-
diction over the land (3). The act was
drafted and presented first to the Ameri-
can Anthropological Association and the
Archaeological Institute of America by
the archaeologist Edgar Lee Hewett.
Hewett’s draft bill was introduced in the
House of Representatives and the Senate
in early 1906, and after passage it was
signed into law by President Theodore
Roosevelt.
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