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ABSTRACT

DNA was purified from double minutes isolated from MTX-resistant
EL4/8 mouse lymphoma cells, digested to completion with Bam H1 restriction
endonuclease and cloned in A-1059. The properties of the library suggest
that the DNA from which it was made was not detectably contaminated with
non-dm chromosome material, and that the library is essentially complete
for sequences contained in Bam H1 restriction fragments between 9 and 19 kb.
The inserts of some selected A-recombinants were subcloned in pBR328 or
PAT153 to separate sequences of differing repetition frequency. Clones
representative of different classes of sequences were used as probes to
Southern transfers of Bam H1 digested total nuclear DNAs of various MTX-
resistant cell lines. The results clearly show that the amplified unit of
each cell line has a unique structure, and that different amplified units
differ widely in their sequence composition.

INTRODUCTION

Many studies have shown that the gene for dihydrofolate reductase
(dhfr) is amplified in mammalian cells that have been selected in vitro
for resistance to the antifolate drug, Methotrexate (MTX) (1-7). At the
cytological level the acquisition of MTX-resistance is often accompanied by
the presence of multiple, free small acentric chromosome structures, called
double minutes (dm) (4) or abnormally staining regions called homogeneously
staining regions (hsr) which are linked to or integrated into normal
chromosomes (8).

The correlation between extra dhfr genes and these abnormal cytologic
entities suggests that they are the chromosomal sites of the amplified copies
of the dhfr genes. This idea is strengthened by the observation that dhfr
gene sequences can be localised to hsr by in situ hybridisation (3) and that
they are enriched in DNA extracted from dm purified by sucrose gradient
centrifugation (4,9).

The size of the normal chromosomal dhfr gene in the mouse is estimated
to be about 31 kb (10). This is also the size of the majority of amplified
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dhfr gene copies, although variants and rearranged forms have been found
(7,10). By contrast, the average amount of DNA that is amplified for each
extra dhfr gene copy has been variously estimated at between 135 and 3000
kb (3,10-13) depending on the particular MTX-resistant cell type examined.

An indication of the size and complexity of the amplified unit has
been shown by agarose gel electrophoresis of restriction endonuclease
digested DNAs isolated from highly MTX-resistant cells (11,12). The complex
patterns of bands in ethidium bromide stained gels, representing amplified
DNA sequences, were different in each mouse cell line and were shown to be
characteristic for each independently selected MTX-resistant cell line (9).
The uniqueness of each pattern and the multiplicity of different patterns
showed that the unit of DNA which contains a dhfr gene and becomes amplified,
must be formed at a very early stage in the development of resistance by
recombination between pieces of DNA from different parts of the genome, or
by multiple rearrangements of the sequences which flank the dhfr gene.

As part of our continuing studies on the structure of the amplified
unit in MTX-resistant mouse cells we have cloned DNA isolated from purified
dm of EL4/8 MTX-resistant mouse lymphoma cell line. Some of these cloned
fragments have been used as probes to investigate their amplified status
in other MTX-resistant cells. The results confirm the interpretation that
there are very large differences in the DNA sequence composition of
amplified structures in different, independently selected MTX-resistant cell
lines and suggest new levels of complexity in the amplification process.

In this paper we discuss both unique and repeated sequences present
in the wild-type genome that have undergone amplification. Since
amplification itself results in a sequence becoming repeated, some confusion
in terms can result. We reserve the terms "single-copy sequence" and
"repeated sequence" to describe the status of a particular sequence before
amplification, i.e. in the wild-type genome. Thus, after amplification
a cell will contain both amplified single-copy sequences and amplified

repeated sequences.

MATERIALS AND METHODS
(a) Cells and Cell Culture
All cells were grown in RPMI 1640 medium (Flow Laboratories)

supplemented with 10 per cent (v/v) heat inactivated foetal calf serum;
50 units/ml penicillin; 50 mg/ml streptomycin and, where appropriate,
Methotrexate (a gift from Lederle Laboratories). The origin of MTX-
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resistant lines of EL4 mouse lymphoma cells, EL4/3, EL4/8, EL4/11 and
EL4/12, has been described elsewhere (7). EL4/3 cells were grown in
2 x 10-3l MTX; the remainipg MTX-resistant EL4 lines were grown in
10-3M MTX. PGlQTS:ITxRIO (14) and PG19T3:S2 (7) mouse melanoma cells
were grown in monolayer culture in medium containing 10_4M and 10-3M MTX
respectively. MTX-resistant L5178 mouse leukaemia cells were a gift from

Dr. T. Alderson. Originally made resistant to 1.1 x 10'3u MTX by Courtenay

and Robins (15), they were further selected for resistance to 4.4 x 10—3M
MTX by T. Alderson. LtAp20/EL4/8 and LtAp20/EL4/11 are two lines originally
selected in 3 x 10'8u MTX after transfection of LtAp20 cells (a TK—,

APRT L cell kindly provided by Dr. F. Graham) with chromosomes isolated
from EL4/8 or EL4/11 cells, respectively. Subsequently they were selected
for increased MTX-resistance. The DNA used in these experiments was
prepared from cells growing at 3 x 10-4H (LtAp20/EL4/8) and 1 x 10-4M
(LtAp20/EL4/11) . Details of the derivation and characterisation of these
cells will be provided elsewhere (Bostock and Clark; in preparation).

(b) Phage preparation and bacterial culture

A-1059 phage were grown in liquid lysate on Q358 bacteria in L-broth
supplemented with 10mM MgSO4 (16) and purified by CsCl density gradient
centrifugation. To get recombinant phage, Bam H1 digested dm DNA was
ligated with Bam H1 digested A-1059 DNA in a ratio of 1 : 7 using T4
ligase. This DNA was then packaged in vitro using a modified protocol
of Scalenghe et al. (17). Recombinant phage were selected on Q359 bacteria,
a host in which only recombinant phage can grow (16).

E. coli HB10l carrying the plasmid pBR328 or pAT153 were grown in
L broth containing 25 ug/ml ampicillin. The subclones pdm45-7.3 and
pdm45-5.3; pdm87-8.2 and pdm87-5.1 were constructed from A-dm45 and
A-dm87, respectively, by digesting the latter cloned DNA with Bam H1 and
ligating to Bam Hl digested pAT153 vector DNA. Ligated DNA was used to
transform HB101l cells (18) and ampicillin-resistant, tetracycline-
sensitive cells were selected. The subcloning of the 3'-end of the dhfr
gene into pBR328 (pdm31-4.9) was performed in a similar manner by
C. Tyler-Smith. The plasmid pDHFR11l which carries the dhfr cDNA was
a gift of Dr. R.T. Schimke.

(c) Purification of double minutes

Suspension cultures of EL4/8 cells in late exponential phase of growth

were diluted with an equal volume of fresh prewarmed medium 24 hr. prior

to the addition of colchicine to a final concentration of 2 x 10-6M. After
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16 hr. exposure to colchicine the cells were harvested by centrifugation
at 400 x g for 5 mins., and chromosomes prepared by the polyanionic buffer
method described elsewhere (19,20). Suspensions of lysed cells containing
free nuclei, chromosomes and dm were centrifuged at 800 x g for 10 mins.
at 0°C to remove the bulk of nuclei and chromosomes. The supernatant was
removed and passed through a 3u pore size, and secondly through a 1lu pore
size, Nucleopore filter. The small dm readily pass through these filters
whereas any contaminating chromosomes are retained by the filters. The
filtrate was centrifuged at 9,000 x g to sediment the dm.

(d) Preparation of DNA

DNA was prepared from whole cells or purified nuclei as described by
Tyler-Smith ard Bostock (9). DNA was prepared from recombinant phage
using a mini-lysate procedure (Cooke, personal communication). Briefly,
a single plaque was picked out and used to infect 50 ul of saturated Q358
bacteria. The phage were then amplified in 5 ml L broth overnight at 37%.
DNA was prepared from phage concentrated by polyethylene glycol 6000
precipitation using phenol, phenol-chloroform and chloroform extraction.
The DNA was ethanol precipitated and redissolved in 40 pl 10mM Tris;

1 mM EDTA, pH = 8.4. Usually 4 to 10 ul were used for agarose gel
electrophoresis. The procedure of Ish-Horowicz and Burke (21) was used
for the preparation of DNA from bacterial mini-cultures.

(e) Restriction enzyme digestion and DNA electrophoresis

Eco Rl was prepared in this laboratory by Mrs. Barbara Smith. Xhol
and HindIII were purchased from New England Biolabs. Bam Hl1l was purchased
from Boehringer Mannheim. Enzymes were used in a 2 to 5-fold excess over
that expected to be necessary to completely digest DNA under standard
conditions. The digestion buffers were those recommended by the suppliers.
For gel electrophoresis, digested DNA was precipitated with ethanol, dried
and redissolved in distilled water. Aliquots were added to electrophoresis
buffer (see below) containing 3 per cent (w/v) Ficoll and a trace of
Orange G, and loaded into the slots of vertical 0.8% or 1.0% agarose gels.
Electrophoresis buffer was 26 mM Na2HPO4, 3.3 mM NaHZP04, 1 mM EDTA and
gels were run at a voltage gradient of 1 to 2 V/cm. Size markers were
either Eco R1 digested A-c1857 or a mixture of Xhol and HindIII digests of
A-c1857.

(f) Labelling of DNA and hybridisation

DNAs were labelled to a specific activity of about lds disintegrations/
min/ug by nick-translation (22) and used as probes to electrophoretically
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separated DNA fragments after transfer to nitrocellulose filters (23) or
to nitrocellulose filters containing replicas of A-1059 recombinant
plaques (24). The subclones in pAT153 or pBR328 were selected by sizing
the insert DNA of the plasmid and comparing the size with that of the
corresponding fragment in a Bam Hl1l digest of the A-recombinant DNA.

(g) Screening for A-recombinants containing DNA inserts of
varying repetition frequency

We used an approach which is similar in concept, but which is
experimentally simpler, to that described by Brison et al. (25). 1 ug
of total nuclear DNA from EL4/8 cells was labelled by nick-translation (22)
and sheared by ten passes through a 25G hypodermic needle. Unincorporated
32P-labelled deoxynucleotide triphosphates were removed by G-50 (medium)
chromatography. Fractions containing incorporated radioactivity were
pooled, made up to 0.15 M sodium acetate, 10 ug/ml yeast transfer RNA
and precipitated by the addition of 2 volumes of absolute ethanol. After
leaving at -70°C for 30 mins., the precipitate was collected by centri-
fugation, washed once with absolute ethanol and dried. The precipitate was
redissolved in 264 ul distilled water and then made up to 0.12 M sodium
phosphate (pH = 7.0) by the addition of 36 ul of 1 M sodium phosphate
buffer. The tube was sealed, heated to 100°C for 5 mins. and incubated
at 65°C for three hours, i.e. to a Cot value of about 10_1. 0.1 ml of
hydroxylapatite (HAP) was added to adsorb reassociated molecules. After
centrifugation the supernatant was removed and treated with a further
aliquot of HAP. This treatment removed approximately 40 per cent of the
incorporated radioactivity. The resultingnon-reassociated single-stranded
32P—labelled DNA was divided into two equal portions, each containing about
0.25 ug 329-labe11ed probe, and 250 ug of sonicated unlabelled total DNA
from EL4 wild-type was added to one half. Both tubes were sealed, heated
to 100°C for 5 mins. and used as hybridisation probes to replica
nitrocellulose filters containing plaques of \A-recombinants with dm DNA
inserts.

The initial reassociation has the effect of removing the bulk of
highly repeated sequences in the mouse genome, but will leave single-
stranded any sequence repeated 10,000 times or less. The amplified unit,
which contains the dhfr gene, is present in about 1,000 copies per EL4/8
haploid cell and, thus, the concentration of these amplified sequences
relative to non-amplified sequences in the same cell will not be markedly
altered. The addition of 1,000-fold excess of "competing" unlabelled
wild-type DNA has the effect of "diluting" the specific activity of all non-
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amplified sequences by 1,000-fold or greater, while only reducing the
specific activity of amplified single-copy sequences by a factor of two.
Amplified sequences that are repeated in wild-type cells will be "competed"”
to varying extents depending on the repetition frequency in non-amplified
DNA and their relative abundance in the amplified unit. A comparison of the
density of autoradiographic grains resulting from hybridisation to the
plaques with or without competition allows the identification of A-
recombinants carrying inserts of only amplified single-copy sequences and
those carrying either mainly low-copy number amplified repeated sequences

or those with only a small proportion of amplified repeated sequence DNA.

This method is referred to as the "plus/minus competitor" method.

RESULTS
Purity of double minutes

Microscopic examination of a fixed and stained preparation of dm
showed essentially no contamination with normal chromosomal material. 1In
a field containing hundreds of dm, only rarely was a small mouse chromosome
or a fragment of a normal chromosome seen. No attempt was made to quantify
by cytological means the relative contributions that dm and normal
chromosomes would make to the final DNA preparation. Instead, the purity
of the dm preparation was estimated by measuring the enrichment for dhfr
genes in dm DNA with respect to the concentration of dhfr genes in total
nuclear DNA from EL4/8 cells. Figure 1 shows such a comparison. Although
the hybridisation signals with pDHFR11l are the same in tracks 5 (EL4/8
nuclear DNA) and 6 (dm DNA), the amount of dm DNA loaded (track 2) was
approximately 35 ng; one seventh the amount of total nuclear DNA (250 ng)
loaded in track 1. Thus, purification of dm resulted in a seven-fold
enrichment for dhfr genes, which is similar to the maximim possible
enrichment (9).

Characteristics of the A-1059 library of Bam H1 fragments
of dm DNA

Because of the purity of the dm, we made the working assumption that
essentially all A-recombinants containing DNA inserts of mouse origin would
be derived from dm DNA. That such an assumption is, to a first
approximation, correct is shown both by the plus/minus competitor screening
(see below) and by the fact that all recombinants used as probes against
Southern transfers of resistant and wild-type DNAs showed patterns of
amplification in EL4/8 DNA and often other MTX-resistant cell DNAs.

120 recombinants were picked at random from the first plating of the
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58 718 Figure 1 Enrichment of dhfr genes in purified dm DNA.
DNA was purified from isolated EL4/8 nuclei (tracks 1
and 5), purified EL4/8 dm (tracks 2 and 6) and the
9000 x g supernatant from EL4/8 dm (tracks 3 and 7),
digested with Eco Rl restriction endonuclease and the
resulting fragments separated by electrophoresis in
1.0 per cent agarose gels. Tracks 1 - 4 show

; ethidium bromide stained DNA fragments. Tracks 5 - 8
show an autoradiograph of the same samples following

" Southern transfer and hybridisation with 32p_nick

translated pDHFR 11. In track 4 are fragments of an

Eco Rl digest of A-c1857 DNA used as size markers.

The sizes in kb of the )\ fragments are shown on the

left.

library. These were grown in mini-culture and, after Bam H1l digestion,
their DNA was analysed by gel electrophoresis. The ability of the inserts
to hybridise either nick-translated pDHFR11l, total EL4/8 DNA or total
EL4 wild-type DNA showed firstly, whether they contained any dhfr coding
sequences, secondly, whether the inserts were mouse DNA and, thirdly, what
their relative content of repeated or single-copy sequences might be. The
sizes of 130 Bam H1 fragments derived from inserts were estimated relative
to the sizes of the left and right hand arms of A-1059 and known fragment
sizes of Xhol, HindIII and Eco Rl digested A-c1857 DNA. 60 of the Bam H1
fragments cloned as single inserts were between 9 and 19 kb; the apparent
optimum size range for cloning in A-1059 in our hands. Although A-1059
is reported to accommodate single DNA fragments of between 6 and 24 kb
in length (16), we never found single DNA inserts of less than 9 kb or
greater than 19 kb. The remaining 70 were smaller than 9 kb and ligated
to other fragments to form inserts of the necessary size to clone in A-1059.
From these initial 120 A-recombinants, 6 were chosen that contained
representativesof the different types of sequence of interest. Those
recombinants containing two Bam Hl1l restriction fragments of dm DNA ligated
together to form the insert were subcloned into pAT153 to separate the two
Bam H1 fragments. The 4.9 kb fragment in A-dm 31, which is the 3' end of

the normal dhfr gene, was subcloned into pBR328. The various A clones and
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plasmid clones used in this study are summarised in Table 1.

The library was screened by the plus/minus competitor method (see
Materials and Methods). Figure 2 shows equivalent sections of each of the
replica filters; this area covers approximately one third of the total
surface of the 20 x 20 cm plate. In comparing Figure 2A (no competitor)
with Figure 2B (plus competitor) the first impression is of an overall
reduction in the level of hybridisation upon adding competitor. While the
level of hybridisation is drastically reduced in many spots, (an example of
one of these is circled) a closer inspection shows that intensities of a
number of spots are approximately the same in the two autoradiographs
(closed arrows) or differ by a small factor (open arrows). 4.7 per cent
of all the plaques give about the same hybridisation signal in the presence
or absence of competitor. These plaques contain the presumptive single-
copy sequences which have been amplified as part of the DNA of a dm.

We investigated further the validity of the plus/minus competitor
method of screening, and characterised the A-recombinants tentatively
identified as having single-copy, low repeat, or high repeat inserts. To
do this, nine presumptive single-copy, six presumptive low repeat and one
presumptive high repeat recombinants were picked and grown in miniculture
without further plaque purification. DNAs purified from these recombinants,
together with DNA from \-dm31, A-dm43, A-dm45 and A-dm87 were digested with

TABLE 1
SUMMARY OF CLONED SEQUENCES

A-recombinant Size of insert Sub-clone Sequence characteristic
(kb)
A-dm31 6.1 high repeat
4.9 pdm31-4.9 3' end of dhfr gene
A-dm43 ca. 14.0 low repeat
A-dm45 7.3 pdm45-7.3 high repeat
5.3 pdm45-5.3 single-copy
A-dm58 11.0 low repeat
A-dm87 8.2 pdm87-8.2 single-copy
5.1 pdm87-5.1 high repeat
A-dm88 ca. 17.0 low repeat
A-dm3s* ca. 13.0 single-copy

*
Identified on plus/minus competitor screen
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Figure 2 Screening for sequences of different repetition frequency

in the library of Bam H1l digested dm DNA cloned in A-1059.

A and B are portions of replica nitrocellulose filters, gontaining plaques
of A-dm recombinants. The filters were hybridised to -nick translated
EL4/8 DNA in the absence (A) or presence (B) of a 1000-fold excess of
unlabelled wild-type mouse DNA. Closed arrows indicate presumptive
single-copy sequence clones, open arrows indicate presumptive low-repeat
sequence clones and the circle indicates a presumptive high-repeat sequence
clone.

Bam H1 and the resulting fragments separated by gel electrophoresis.
Duplicate gels were run and duplicate nitrocellulose filters prepared by
Southern transfer. The transfers were probed by the plus/minus competitor
method and the resulting autoradiograms are shown in Figure 3. A number
of features are evident.

All nine "single-copy" recombinants (lanes 13 to 21) contain a 13 kb
insert which produces the same hybridisation signal irrespective of the
presence or absence or competitor DNA. Lanes 13, 17 and 20 contain
additional large inserts but these fragments contain repeated sequences,
since their hybridisation signal disappears completely in the presence of

competitor. The "single-copy" recombinant plaques represented in lanes
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Figure 3 Analysis of cloned
dm DNA inserts by the

plus/minus competitor method.
(A) Ethidium bromide stained
1 per cent agarose gel of
Bam H1l digested DNAs. (B)
and (C) replica Southern
transfers of gels identical
to that shown in (A), which
have been hybridised to
-nick translated EL4/8
DNA in the absence (B) or
presence (C) of a 1000-fold
excess of unlabelled
wild-type mouse DNA. Track
1, a mixture of fragments
produced by digestion of
A-c1857 with Xhol or HindIII
restriction endonucleases.
The sizes in kb of the
fragments are shown on the

left of (A). Track 2,
A-dm87. Track 3, A-dm45.
Track 4, A-dm43. Track 5,
A-dm31. Track 6,

presumptive high-repeat
sequence clone. Tracks 7 -
12, presumptive low-repeat
sequence clones. Tracks 13
- 21, presumptive single-
copy sequence clones. The
sizes in kb of the major Bam
Hl fragments of dm origin
are indicated on the left
of (B).

13, 17 and 20 were lying adjacent to high repeat sequence plaques and are

thus presumably composed of a mixture of two recombinants (lanes 13 and

17) or three recombinants (lane 20).

The recombinant

shown in lane 19
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is A-dm3s, referred to in Table 1 and Figure 4.

The six "low-repeat" recombinants are distinct from each other,
having different sizes of insert, although the recombinants in lanes 7 and
12 would appear to contain a single-copy Bam H1l fragment of about 7.0 kb
in common. The hybridisation signal of the major insert is moderately
reduced with competitor in all six "low-repeat" recombinants. In contrast,
the insert of the single "high-repeat" recombinant selected from the plus/
minus competitor screen (lane 6) has a greatly reduced signal.

The behaviour of the four A-recombinants of previously determined
composition in lanes 2 and 5 confirms the ability of the plus/minus method
to distinguish between repeated and single-copy sequences. For example,
A-dm31 (lane 5) contains the 4.9 kb Bam H1l fragment which is the 3' end of
the dhfr gene. The dhfr gene is presnet once per haploid genome equivalent
in EL4 wild-type cells (7), and is, thus, single-copy. By comparison,
hybridisation to the 6.1 kb Bam H1l fragment, also in A-dm31, is completely
removed by competition with excess unlabelled DNA. This fragment is a
highly repeated sequence in wild-type EL4 DNA. Similarly, the 5.1 kb
Bam H1 fragment of A-dm87 (lane 2) is highly repeated in wild-type DNA,
whereas the 5.3 kb Bam Hl fragment of A-dm45 (lane 3) is single-copy.
Hybridisation to the former is greatly reduced by the addition of
competitor DNA, whereas it is not significantly reduced for the latter.

Probing other MTX-resistant DNAs with cloned DNA
sequences of EL4/8 dm

The proof that the cloned sequences are part of the amplified unit
present in dm of EL4/8 cells is provided by using them as probes to
Southern transfers of Bam H1l digested total nuclear DNAs from EL4/8 and
wild-type cells. As Figures 4, 5 and 6 show, without exception all
clones derived from the A-dm library tested so far show a pattern of
hybridisation in which a Bam Hl1 fragment of the same size as the cloned
insert is greatly amplified in EL4/8 DNA relative to that of wild-type
DNA. 1In the case of repeat sequences there may be many other fragments
within the amplified unit in addition to the one with a size characteristic
of the cloned insert. This property is clear in Figure 6.

In addition to testing the amplification status of each cloned
sequence, we have also used them as probes to compare the structure of
amplified units in several different independently selected MTX-resistant

cell lines.
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(a) Amplified single-copy sequences

Hybridisation of amplified single-copy probes reveals a major
prominent band at the size of the cloned inserts. Other minor bands may
also be present. When pdm31-4.9, which is the 3' end of the dhfr gene,
is the probe (Fig. 4A) a fragment at 4.9_5: hybridises strongly in all
MTX-resistant cells except PGlQTS:HTXBIO (lane 5). This cell has ten-
fold fewer dhfr genes that PG19T3:S2 (lane 6). No bands are detected in
wild-type DNAs (lanes 11 and 12) at this exposure of the autoradiograph.
Characteristic bands, representing rearrangements at the 3' end of some
amplified copies of the dhfr gene (7), are visible in EL4/3, EL4/8 and
EL4/11 DNAs.

A very similar overall pattern is found when A-dm3s is used as a
probe (Figure 4B). All MTX-resistant cell DNAs have a detectable band
at 13 kb, whereas, wild-type cell DNAs do not. Variant bands are also
found, this time in EL4/12, PG19T3:S2 and EL4/11 cells. As with the 3'
end of the dhfr gene, the rearrangements that give rise to the variant
bands are unique to each cell. The third single-copy probe shown,
pdm45-5.3 (Figure 4C), only hybridises to a fragment of the same size in
EL4/8 DNA. Thus, this particular single-copy sequence is amplified only
in EL4/8 cells.

(b) Amplified low-repeat sequences

The low-repeat sequences shown in Figure 5 both hybridise
predominantly to a single band of the same size as that of the insert
fragment. A-dm88 (Figure 5B) also produces a distinctive background
smear in all MTX-resistant cells, but this cannot be due to amplified
sequences as it also is detected to the same extent in wild-type cells.

A-dm43 (Figure 5C) produces a light background smear detectable also in

Figure 4 Hybridisation of cloned single-copy sequences from dm to

Bam Hl digested DNAs of different MTX-resistant cell lines.

The Bam H1l fragments were separated by electrophoresis in 1 per cent

ggarose gels, transferred to nitrocellulose filters and hybridised with
P-nick translated pdm31-4.9 (A), A-dm3s (B) and pdm45-5.3 (C). The

DNAs in the tracks are as follows: 1, mixture of Xhol and HindIII gegsgzﬁed

fragments of A-c1857; 2, L5187Y; 3, EL4/3; 4, EL4/12; 5, PG19T3:MT: H

6, PG19T3:82; 7, EL4/8; 8, EL4/11; 9, LtAp20/EL4/8 transformant;

10, LtAp20/EL4/11 transformant; 11, wild-type PG19T3; 12, wild-type EL4.

A photograph of a typical ethidium bromide stained gel is shown in Figure

5A - the same amounts of the same digested DNA samples were loaded in

all the gels shown in Figures 4, 5§ and 6. The arrows and numbers

indicate hybridisation to genomic fragments of the same size (in kb) as

the cloned inserts.
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wild-type cells, but with this probe faint clear bands can be identified

in EL4/3, EL4/12 and EL4/11 cells. Notice that they are not all of the
same sizes in these three cells. Another low-repeat probe, A-dm58

(not shown), hybridises strongly to a few bands in several MTX-resistant
DNAs, but the pattern of bands differs markedly between the different
cells in a manner similar to that shown for the high-repeat clones
pdm87-5.1 and pdm45-7.3 in Figure 6. Both A-dm88 and A-dm43 contain
inserts classified as low repeats because of the ability of these probes to
hybridise to a number of copies of a sequence which is repeated and
dispersed throughout the mouse genome. In both EL4/8 and EL4/11 cells,
only one of these dispersed repeats, contained within a 17 kb (A-dm88)

or a 14 kb (A-dm43) Bam H1l fragment was amplified. These fragments are not
part of the amplified units of other MTX-resistant cell lines.

(c) Amplification of high-repeat sequences

Figure 6 shows the hybridisation of two cloned Bam Hl fragments from
EL4/8 dm DNA; pdm45-7.3 (Figure 6B) and pdm87-5.1 (Figure 6A). Because of
the similarities of the patterns, it is clear that they contain at least
part of their sequences in common. They both hybridise strongly to a
4.1 Bam H1 fragment, which is also repeated in wild-type DNAs, so they must
both contain part of a sequence complementary to this sequence.

There are several thousand copies of the 4.1 kb Bam Hl fragment in
total wild-type mouse DNA. Thus, if one or two copies of this fragment
were incorporated into an amplified unit, present some 1,000 times
per cell in MTX-resistant cells, it would be difficult to detect. Much of
the variation in intensity of hybridisation signal to the 4.1 kb Bam H1
fragment is due to variation in the amount of DNA loaded onto the gel (see
the ethidium bromide stained photograph in Figure 5A). However, it is
clear that in EL4/8 cells (from which the dm were isolated) few copies of
the 4.1 kb fragment have been amplified.

Figure 5 Hybridisation of cloned low-repeat sequences from

dm to Bam Hl digested DNAs of different MTX-resistant cell lines.

The loading of MTX-resistant DNAs in gel tracks is as described in the
legend to Figure 4. (A) is a photograph of an ethidium bromide stained
gel to show the variation in the amount of DNA loaded in each track.

The differences between tracks are the same for all the gels represented
by Southern trangﬁ;rs in Figures 4, 5 and 6. (B) Southern transfer
hybridised with 32 -nick translated A-dm88. (C) Southern transfer
hybridised with P-nick translated Adm43. The numbers on the left are
the sizes in kb of the A-c1857 marker fragments. The numbers on the right
are the sizes in kb of the genomic fragments of the same size as the
cloned inserts with which they hybridise.
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Figure 6 Hybridisation of cloned high-repeat sequences from dm
to Bam H1 digested DNAs of different MTX-resistant cell lines.
The loading of MTX-resistant DNAs in gel tracks is as described insage
legend to Figure 4. Southern transfers have been hybridised with
nick translated pdm87-5.1 (A) and pdm45-7.3 (B). The Bam H1l generated
genomic fragments in EL4/8 equivalent to these inserts are arrowed with
the sizes indicated in kb on the left. Also arrowed, at a size of 4.1 kb,
is the wild-type mouse repeated sequence which can be seen in all mouse
DNA tracks of the gel stained with ethidium bromide in Figure 5A.

A surprising feature of the hybridisation patternsof pdm45-7.3
and pdm87-5.1 is the overall similarity of fragments detected in other
MTX-resistant and wild-type cells, but apparent lack of homology between
the 7.3 kb and 5.1 kb fragments in EL4/8 cells. pdm45-7.3 clearly detects
a 7.3 kb fragment in EL4/8 DNA (Figure 6B, lane 7), but barely hybridises
to the 5.1 kb fragment, whereas, pdm87-5.1 has virtually no homology with
the 7.3 kb fragment (Figure 4A, lane 7) but does hybridise to an amplified
5.1 kbitragnent. Since both hybridise to comparable extents to the 4.1 kb
fragment in all DNAs and several other bands in EL4/3 and EL4/12 DNAs, it
would seem that pdm45-7.3 and pdm87-5.1 contain different parts of the
4.1 kb MIF sequence.
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The different patterns of hybridisation of these two cloned repeated
sequences clearly demonstrate the large differences that exist in the
structures of amplified sequences in different MTX-resistant lines. With
these probes, DNAs from MTX-resistant L5178Y and PG19T3 cells are
indistinguishable from wild-type mouse cells. EL4/8 cells have amplified
perhaps 5 Bam H1l fragments with homology to these probes. EL4/3 and EL4/12
have similar, but distinguishable patterns composed of about 20 different
amplified Bam H1l fragments. Lastly, EL4/11 has a large and complex

composition of Bam H1l fragments which are homologous to these probes.

DISCUSSION

The library of dm DNA in A-1059 was prepared from DNA digested to
completion with Bam H1 restriction enzyme. From high resolution agarose
gels of total EL4/8 DNA digested to completion with Bam H1 (see Ref. 11)
we can estimate that the amplified unit contains approximately 20 different
Bam H1 fragments between 9 and 19 kb in size. There are another three
above the size that we were able to clone in A-1059 and about 50 fragments
smaller than 9 kb, i.e. below the optimum cloning size. The library must
therefore be incomplete, since approximately 60 kb will be absent due to the
three large Bam H1 fragments, and many of the smaller fragments would be
either underrepresented or absent. These small fragments would be present
only if joined together by a chance ligation event to make fragments of a
clonable size. We estimate, therefore, that any single Bam Hl1 fragment of
between 9 and 19 kb in size would be present at about twice the relative
concentration that it occurs in pure dm DNA.

In the plus/minus competitor screen we identified 37 out of 794
plaques (shown in Figure 2) as being potentially single-copy. Nine of
these, picked at random, were found to be the same single-copy sequence,
of which A-dm3s is just one example. It is likely that most of the 37
plaques also contain the same single-copy sequence. At what frequency would
we expect to find a particular 13 kb sequence in the A library? It is
difficult to estimate accurately the size of the amplified unit in EL4/8
cells, but summing the sizes of all bands visible in ethidium bromide
stained gels of Bam H1 or Eco Rl digested EL4/8 total DNA gives a size of
about 600 kb. This is almost certainly an underestimate because of the
difficulties in visualising fragments of low molecular weight and in allowing
for fragments present in different molar ratios. A single 13 kb segment

would represent some 2.25 per cent of a 600 kb unit, so, in a complete
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library we might expect about 2.25 per cent of the recombinant plaques to

contain this sequence. We have already noted that the library is not

complete and that a 13 kb fragment would be expected to be present at
roughly twice the frequency it occurs in the complete amplified unit. The
observed frequency of 4.7 per cent is therefore close to our estimate of an
expected frequency of about 4.5 per cent. This can be taken as another
indication that the DNA isolated as dm was essentially free of contaminating
non-dm DNA. The presence of non-dm DNA would have "diluted" amplified
sequences and would have resulted in a decreased incidence of clones
carrying the 13 kb single-copy insert.

The results from probing Southern transfers of various MTX-resistant

DNAs with cloned probes derived from dm of EL4/8 show how very different

are the amplified units in these cells. This confirms and extends our

earlier observations on ethidium bromide stained gels of total nuclear

DNAs (11). 1In this paper we have shown a few examples of the variations

that can be observed. These are:

(1) Wild-type single-copy sequences which become amplified in only one MTX-
resistant cell (pdm45-5.3).

(2) Wild-type single-copy sequences which become amplified in all MTX-
resistant cells, but with sub-populations of amplified units in
particular MTX-resistant cells containing variant forms (pdm31-4.9
and A-dm3s). )-dm3s is presumably located close to the dhfr gene in
the mouse genome.

(3) Single copies of low-repeat sequences in wild-type DNA which become
amplified in only two of the seven MTX-resistant cells studied here
(A-dm43 and )A-dm88).

(4) Different copies of a high-repeat sequence in wild-type DNA which
become amplified in different cells (A-dm58, pdm45-7.3 and pdm87-5.1).
Although a variety of MTX-resistant cells have been characterised in

considerable detail, few studies have compared the structure of the

amplified unit in different MTX-resistant cell lines. In one such study,

Schilling et al. (10) isolated a number of overlapping recombinant DNA

clones which defined a region of about 150 kb around the dhfr gene in the

amplified unit of MTX-resistant S-180 cells. Using sub-cloned single-copy
sequences located in the flanking regions of the S-180 amplified unit,

Schilling et al. compared the structures of the amplified units in 3T3-R50

and two lines of L5178Y cells. The stucture of the amplified units is the

same in the four cell lines over a region covering about 70 kb in and
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around the gene; from approximately 28 kb on the 5' side of the gene to
about 15 kb on the 3' side of the gene. Beyond these limits, homology
between the units in different cells breaks down completely or sub-
populations of variant units are found. Since the size of the amplified
unit is estimated to be between 500 and 1,000 kb (10) the finding that
sequences diverge so close to the dhfr gene suggests that in S-180,
3T3-R50 and L5178Y cells, as in those described in this report, there are
large structural differences between the major portion of the amplified
units in each of the cells studied.

Within the library of S-180 cell DNA, two types of variant structures
were found, each occurring at one-tenth the frequency of the main structure.
One of these variants involves a rearrangement within the middle of the
gene and is believed to be a partial gene, the other represents a
rearrangement just upstream from the normal start codon. These
rearrangements are very similar to those found around the dhfr genes in
various MTX-resistant EL4 cell lines (Ref. 7 and Figure 4A). A similar
phenomenon probably accounts for the bands of low intensity and differing
size detected by the single-copy sequences cloned in A-dm3s (Figure 4B).

In contrast to the apparent variation between amplified structures
formed by different events in different cells is the stability of the
structure once it is formed. The structure of dm of MTX-resistant PG19T3
cells is maintained through sequential selection to higher resistance
levels and clonal growth. The conversion of dm to stable chromosome forms
in EL4/8 cells also conserves the detailed structure of the amplified
unit (9). More surprisingly, the entire structure can be maintained
throughout transfection of mouse L cells with EL4/8 or EL4/11 chromosomes
and during selection of the resulting transformants to high levels of
MTX-resistance. This is apparent from the similarities of lanes 7 and 9,
or lanes 8 and 10 in Figures 4, 5 and 6. A more detailed analysis of the
amplified unit in these MTX-resistant transformants will be presented
elsewhere (Bostock and Clark; in preparation).

Before selection for MTX-resistance is applied the dhfr gene is
contained within a well conserved "wild-type" chromosomal environment.
Once MTX-resistance is established, extra copies of the dhfr gene are
contained in an amplified structure which can be conserved through
increases or decreases in dhfr gene number, changes in location between dm
and hsr, and transformation into L cells with subsequent further

amplification. This latter structure we call the "stable amplified unit",
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and when contained in this the dhfr gene has a different chromosomal
environment from its wild-type location.

For any particular cell line the stable amplified unit contains a
constant ratio of normal to rearranged dhfr genes, so the unit must contain
more than one copy of the dhfr gene. The ratio of normal to rearranged
gene fragments detected in EL4/11 cells (see Figure 4A, track 8) suggests
that the amplified unit contains at least five genes with the normal
structure for each rearranged copy. On the other hand, EL4/11 cells
contain approximately equimolar ratios of the normal and rearranged forms
of the 13 kb sequence (represented by A-dm3s). This suggests that the stable
amplified unit is formed in several stages. The first structure to be formed
may have included two copies of the dhfr gene and some of its flanking
sequences, but during its formation one of the duplicates of the 13 kb
sequence may have become rearranged. Subsequent amplification of this
"duplicate" structure would maintain the equal ratio of normal to re-
arranged forms. One of the dhfr genes may have become rearranged in a
subsequent duplication event when the growing unit contained several dhfr
genes. At some stage, however, rearrangements must cease to occur at
detectable levels and a unit of DNA is formed that is resistant to any
further changes in structure.

At least some of the heterogeneity between independently derived
amplified units may therefore be generated by the rearrangements that take
place between the time that a single dhfr gene is located in a chromosome
and the stage at which several amplified copies are stabilised in an
amplified unit. Some heterogeneity must also derive from the original
choice of DNA to be included in the structures formed during the early
stages of amplification. For example, the sequence contained in pdmd5-5.3
is only found in EL4/8 cells. However, the choice is not entirely random
since independently derived MTX-resistant lines do show some similarities;
for example, the sequences that are homologous to pdm87-5.1 in EL4/3 and
EL4/12 cells and those that are homologous to A-dm88 or A-dm43 in EL4/8
and EL4/11 cells.

In cells selected for a defined resistance it can be shown by a
variety of methods that the cytologically identified abnormal chromosomal
structures are the sites of localisation of amplified genes. There are,
however, a number of spontaneously arising tumours which contain
cytologically similar aberrant chromosome forms (e.g. 26) but which have an

unknown DNA sequence composition. By analogy with resistant cells we might
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suppose that these dm and hsr are also composed of amplified sequences that
are perhaps necessary for maintenance of the transformed or tumourigenic
phenotype.

In the two naturally occurring tumour systems studied to date, namely
mouse Y1-DM adrenocortical tumour cells (27,28) and human colon carcinoid
cells (29), structural features of dm, which are similar to those reported
here for dm of MTX-resistant cells, have been described. Firstly, cloned
DNA sequences from dm are amplified in the cells of origin. Secondly, the
few sequences that have been studied are only amplified in cell lines
derived from the same starting tumours, but are not amplified in related
or unrelated tumours. Thirdly, when in the amplified state, the sequences
are containedin a restriction fragment or fragments of different size to
those in which they occur in the normal non-amplified state. This suggests
that during the formation of dm prior to amplification, multiple re-
arrangements occur that generate new combinations of the DNA sequences that
form them.

In conclusion, the use of cloned DNA probes of varying sequence
composition has shown unequivocally that each independently selected
MTX-resistant cell contains an amplified unit with a unique structure.

It is a necessary consequence of this finding that, at the time of
formation of the unit, pieces of DNA from different parts of the genome
must be joined together to form its novel structure. An understanding

of where the pieces come from, how they are formed and how they are joined
together in MTX-resistant cells may lead to a better understanding of the

molecular rearrangements that occur "spontaneously" in many tumour cells.
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