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SHORT NOTE

Replication of the Dihydrofolate Reductase Genes on Double Minute
Chromosomes in a Murine Cell Line

THEA D. TLSTY! AND PAULA ADAMS?

Lineberger Cancer Research Center, Curriculum in Toxicology and the Department of Pathology,
University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-7295

The purpose of this study is to determine the kinetics
of the replication of intrachromosomal versus ex-
trachromosomal amplified dihydrofolate reductase
(DHFR) genes. Previous studies reported that the
DHFR gene, when carried intrachromosomally on a ho-
mogeneously staining region, replicates (as a unit)
within the first 2 h of the S phase of the cell cycle. We
wished to determine if the extrachromosomal lecation
of the amplified genes carried on double minute chro-
mosomes effects the timing of their replication. Equilib-
rium cesium chloride ultracentrifugation was used to
separate newly replicated (BUdR-labeled) DNA from
bulk DNA in a synchronized cell population. Hybridiza-
tion with the ¢cDNA for the DHFR gene allowed us to
determine the period of time within the cell cycle in
which the DHFR DNA sequences were replicated. We
found that, in contrast to intrachromosomal dihydrofo-
late reductase genes that uniformly replicate as a unit
at the beginning of the S phase of the cell cycle, dihydro-
folate reductase genes carried on double minute chro-
mosomes (DMs) replicate throughout the S phase of the
cell cycle. These results suggest that control of repli-
cation of extrachromosomal DNA sequences may dif-
fer from intrachromosomal sequences. © 1990 Academic

Press, Inc.,

INTRODUCTION

Several studies have documented the temporal order
of replication of DNA sequences within the genome [1,
2]. Evidence has been accumulating which suggests that
actively transcribed genes are generally replicated early
within the S phase of the cell cycle while nontranscribed
or heterochromatic areas of DNA replicate late in S. The
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switching of a gene from an inactive state to an active
one may be accompanied by a corresponding switch in
its timing of replication [3]. “Housekeeping” genes such
as dihydrofolate reductase have been reported to repli-
cate early in the S phase of the cell cycle, as well as
late [3-5].

Murine cells in culture have been found to generate
resistance to the chemotherapeutic drug methotrexate
(MTX), by a variety of molecular mechanisms. One
widely studied mechanism is amplification of the dihy-
drofolate reductase (DHFR) gene, which results in an
increased cellular content of the target enzyme of the
drug [6, 7]. Early studies on the karyotypic abnormali-
ties which accompanied gene amplification revealed that
the amplified genes could be carried intrachromoso-
mally, on homogeneously staining regions (HSRs), or
extrachromosomally, in the form of double minute chro-
mosomes (DMs) [8, 9]. Other studies demonstrated that
the enzyme produced by the amplified DHFR genes was
physically, biochemically, and immunochemically iden-
tical to the enzyme produced by the single copy gene
whether they were carried on HSRs [10, 11} or DMs [12].
Several replication studies on the DHFR genes in
mouse, hamster, and human cell lines have shown that
when carried intrachromosomally, as single copies or
multiple copies in an HSR, the DHFR genes are repli-
cated early in S [4, 5, 13-15]. However, a recent study
has reported replication of a single copy DHFR gene in
the second half of the S phase in a murine cell line {3].
The present study focuses on the replication of the
DHFR genes carried on double minute chromosomes.
Does the extrachromosomal location of the DHFR genes
alter the temporal replication of the gene? In this study
we find that DMs, carrying the DHFR genes, are repli-
cated once per cell cycle and that, in contrast to the syn-
chronized early replication of the amplified DHFR genes
carried on the HSR, replication of the DHFR genes on
DMs is asynchronous and occurs throughout the S phase
of the cell cycle.

MATERIALS AND METHODS

Cell and culture conditions. The cell line 3T6 R50-MS6-clone A
was derived as described in Farnham and Schimke [16]. The cell line
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is resistant to 50 @M MTX and contains approximately 40 to 50 times
as many dihydrofolate reductase genes as do sensitive cells [17]. These
genes are contained on extrachromosomal elements (approximately
30 double minute chromosomes per cell) [16]. The cells are maintained
in Dulbecco’s modified Eagle’s medium in 5% CO,. The medium is
supplemented with 10% dialyzed fetal calf serum, 50 uM MTX, 100
units of penicillin and 100 ug of streptomycin/ml. These celis are
maintained in Ham’s F-12 medium without glycine, hypoxanthine, or
thymidine (GIBCO) at 10% CO,. The medium is supplemented with
dialyzed serum, MTX, penicillin, and streptomycin as described
above.

Cell synchronization. Cells were synchronized according to the
method of Mariani et al. [18, 19]. Briefly, cells were grown in a 150-cm
flask (Costar Plastics, Cambridge, MA). The medium was drained and
4 ml of prewarmed media was added. The flask was tapped several
times to disledge the mitotic cells and they were transferred to a 25-
cm flask. After 1 h, the medium was replaced with fresh prewarmed
medium to remove dead cells. This is designated as ¢ = 0.

Radioisotope labeling of DNA. DNA was prelabeled by exposing
exponentially growing cells to 0.02 uCi/ml [*C]thymidine ([methyl-
4Clthymidine, 40-60 mCi/mmol, New England Nuclear) for three to
four generations. The C was removed 24 h before mitotic selection
so that precursor pools could be cleared. To determine the rates of
[*H]thymidine incorporation during the S phase of the cell cycle, syn-
chronous populations selected by mitotic shake-off were labeled for 20
min at 37°C at 1-h intervals in the presence of 2.0 uCi/ml of [*H]thy-
midine ([methyi-*H]thymidine, 6.7 Ci/mmol, New England Nuclear).
The pulse was terminated by the addition of ice-cold Hanks’ balanced
salt solution with unlabeled thymidine (10 pg/ml). After removal of
the above solution, lysis buffer was added to the plates and incubated
at room temperature for 10 min. The plates were scraped into tubes
and incubated at 37°C for 3 h or room temperature overnight. An equal
volume of trichloroacetic acid (10% wt/vol; 4°C) was added, and the
extracts were kept on ice for 30 min. Trichloroacetic acid-precipitable
material was collected on Whatman glass fiber filters (GF/C) and
washed with 5% trichloroacetic acid. Filters were dried and the
amount of radiocisotope was determined by immersion in Liquiscent
(National Diagnostics, Somerville, NJ). Rates of [*H]thymidine incor-
poration were normalized to the quantity of [*C]thymidine present.

5-Bromodeoxyuridine density labeling. For DNA density labeling,
cells were pulsed in 10 gM BrdU for 30 min. This concentration of
BrdU provided adequate substitution to achieve maximal shift of
DNA on a cesium chloride gradient without significantly affecting the
growth rate of the cells (data not shown).

DNA preparation and CsCl density equilibrium centrifugation.
DNA is prepared for CsCl centrifugation as described in Mariani and
Schimke [5] except that DNA was sheared by only five passes through
a 25-gauge needle. After separation on CsCl gradients, the substituted
and unsubstituted peaks were pooled and the DNA was dialyzed and
used for slot blot analysis.

Synthesis and labeling of oligonucleotides. The intronic 32mer and
exonic 30mer were chemically synthesized on a polymer support using
the phosphoramidite nucleoside chemistry [20]. An Applied Biosys-
tems 380A DNA synthesizer was used. Appropriate sequences were
selected from the 3' region of exon 1 and the 5' region of intron 1. After
the oligomers were converted to diesters, they were precipitated, puri-
fied on a 10% polyacrylamide gel, and quantitated. Typically, 1-2 nmol
of each of the synthetic oligomers was labeled with T4 polynucleotide
kinase and y-labeled dATP, separated from unincorporated label by
chromatography on a 10-ml column of Sephadex G-50, and used in
hybridization to detect homologous sequences on nitrocellulose filters.

Preparaiion of DNA and hybridization of slot blots. Gene copy
number was quantiated using the slot hybridization assay as pre-
viously described [21]. Briefly, trypsinized cells (2 X 10°) are rinsed in
Hanks’ balanced salt solution containing 1% serum and pelleted. Cells
are lysed by the addition of solution A (0.01 M Tris-HCI, 0.01 M
EDTA, 0.01 M NaCl, 0.2% SDS) and treated with RNase A and Pro-
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FIG. 1. Cells were synchronized by mitotic shake and plated into

25-cm flasks. At hourly intervals the cells were labeled with [*H]thy-
midine for 20 min. [*H])Thymidine incorporation is expressed relative
to 5 X 10° cells. Each point is the average for duplicate plates per time
interval.

teinase K. The sample is extracted with phenol:chloroform (1:1) and
then chloroform alone. The DNA is denatured by the addition of
NaOH, neutralized by the addition of ammonium acetate, and imme-
diately applied to nitrocellulose. After application the filter is briefly
rinsed in 5X SSPE and baked in vacuo for 2 h at 80°C. The filter is
then hybridized with cloned *P-labeled DHFR [5] or HMG CoA re-
ductase [22] ¢cDNAs under agueous conditions [23]. The filters are
washed, dried, exposed to preflashed X-ray film, and developed.

RESULTS

3T6 R50-MS6-clone A is a mouse cell line which car-
ries approximately 50 copies of the dihydrofolate reduc-
tase gene extrachromosomally, as double minute chro-
mosomes. These cells were synchronized by mitotic
shake as described in detail by Mariani and Schimke [5].
At hourly intervals a small aliquot of cells was labeled
with [*H]thymidine to monitor DNA replication. Figure
1 shows the incorporation of [°H]thymidine during a
complete cell cycle as a measure of the synchrony of the
population. The mouse cells entered the S phase of the
cell cycle during the 5th h after mitotic shake. The cells’
progress into the G2 phase and mitosis is complete by
the 12th h. The cell eycle kinetics of these cells are sim-
ilar in duration and synchrony to those measured in Chi-
nese hamster ovary cells [5] where the amplified copies
of the DHFR gene are carried intrachromosomally on a
homogeneously staining region.

At each 30-min interval during the S phase of the cell
cycle a sample of cells was incubated in the presence of
bromodeoxyuridine. Incorporation of this density label
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FIG. 2. Cells were labeled for 30 min with BUdR from 8.5 to 9.0
h after the mitotic shake in this representative sample. DNA was har-
vested and isolated in CsCl gradients as described in Mariani and
Schimke [5]. Heavy-light (newly replicated) DNA was obtained by
pooling fractions 18-23 (open squares). Nonsubstituted (nonrepli-
cated) DNA was obtained by pooling fractions 27-31 (solid diamonds).

into DNA as it is being synthesized allows for the separa-
tion of newly replicated DNA from bulk unreplicated
DNA during CsCl gradient centrifugation. A typical
gradient is shown in Fig. 2. DNA was isolated from the
substituted (heavy-light) as well as the unsubstituted
(light-light) peaks and applied to nitrocellulose filters
for slot blot analysis. Hybridization of probes with the
heavy-light fraction of each gradient indicates when the
gene is replicated. Figure 3 (left panel) shows hybridiza-
tion of these samples with a cDNA probe for the HMG-
CoA reductase gene. Replication of this single copy
housekeeping gene occurs within a discrete interval of
the S phase of the cell cycle, 8.0 h after mitotic shake.
Previously published studies by Mariani and Schimke
[5] demonstrated that replication of the DHFR genes in
a homogeneously staining region occurs in a synchro-
nous fashion, as a unit, early in the S phase of the cell
cycle. Figure 3 (right panel) shows hybridization of the
same DNA samples with a cDNA probe for the DHFR
gene. In contrast to the discretely timed replication of
HMGCoA reductase gene, DHFR gene sequences on
double minute chromosomes are replicated throughout
the S phase of the cell cycle.

To determine if the late replicating DHFR sequences
may be due to the replication of intronless pseudogenes
we performed the following analysis. We synthesized a
32-base oligomer homologous to a portion of the first in-
tron in the DHFR murine sequence (5 catgaccctactcagt-
gaaccgectcagttte 3') and a 30-base oligomer homologous
to exon 1 of the same gene (5’ gcggaggecagggtaggteteegtt-
cttge 3'). Pseudogenes are usually processed and occur in
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the genome without the original intronic segments. If
the late-replicating DHFR sequences are due solely to
replication of pseudogenes of DHFR, we would expect
that the oligomer complimentary to intron 1 of DHFR
would only hybridize with newly replicated DNA during
the early part of the S phase of the cell cycle. If the non-
processed genes on DMs are replicating both early and
late we would expect to see hybridization of both oligo-
mers to be distributed in a pattern similar to that seen
for the hybridization with the cDNA for the DHFR gene
in Fig. 3 (right panel). Hybridization of the intronic se-
quence or the exonic sequence with the DNA samples in
Fig. 3 generated a pattern identical to that seen with the
c¢DNA probe for the DHFR gene (data not shown). Sim-
ilar hybridization patterns with intronic, exonic, and
c¢cDNA DHFR sequences demonstrate that the detected
DHFR genes which are replicating during the latter part
of S are not processed pseudogenes.

DISCUSSION

We have studied the replication of the DHFR DNA
sequences which are carried on DM chromosomes in
physiologically synchronized cell populations in order to
compare the replication of extrachromosomally located
amplified DNA sequences with that of intrachromoso-
mally located amplified copies.

Gross replication of DNA sequences carried on DM
chromosomes has been studied by Barker et al. [24] us-
ing autoradiography. Their results indicated that the

HMG CoA dihydrofolate
reductase reductase
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FIG. 3. Equal amounts of CsCl purified heavy-light DNA (1 ug)
from each window of the S phase of the cell cycle was applied to nitro-
cellulose. [*C]Thymidine, which indicated total DNA, was present in
equal intensity in each slot (data not shown). The filter was hybridized
with the cDNA of HMG CoA reductase (specific activity 1.8 X 10
dpm/pg DNA) and autoradiographed. The filter was stripped with
NaOH, rechecked for the presence of the DNA by monitoring the *C
intensity, and rehybridized with the cDNA for the DHFR gene (spe-
cific activity 1.6 X 10® dpm/ug DNA).
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DNA within the double minute chromosomes replicated
during the S phase, once per cell cycle [24]. Similarly,
studies on a CAD episome yielded the same results using
BUdR labeling and CsCl centrifugation [25]. In our
studies, replication of the DHFR sequences in the pres-
ence of BUdR results in a shift of newly replicated DNA
to a higher density in CsCl gradients {production of
heavy-light DNA). In no instances were DHFR se-
quences located in doubly substituted (heavy-heavy)
DNA, a result which would have indicated multiple
rounds of replication within a single cell cycle. Qur re-
sults, therefore, are consistent with those previously re-
ported by Barker et al. [24], which demonstrated that
DM chromosomes replicate once during the S phase of
the cell cycle. Also consistent with previous reports [24]
was our finding that replication of DHFR sequences (i.e.,
DM-containing DNA) did not occur outside of the S
phase of the cell cycle (data not shown).

Specific replication of the DHFR genes has been stud-
ied previously by investigators using amplified cell lines.
In these studies, the DHFR genes were carried on a sin-
gle HSR [5, 13, 14] or two HSRs [15]. In all cases stud-
ied, the DHFR gene replicated in the first half of the S
phase of the cell cycle even when the gene sequences
were clustered on two different chromosomes. The stud-
ies of Mariani and Schimke refined the window of repli-
cation even further and demonstrated that the amplified
genes replicated during the first 2 h of the S phase [5].
The replication of amplified DHFR sequences as they
are carried on DM chromosomes is an area which has
been less extensively studied. Our studies have used bro-
modeoxyuridine incorporation of DNA (during replica-
tion) to separate replicated DNA from nonreplicated
bulk DNA. We have then probed each pool of replicated
DNA to determine the presence of DHFR sequences in
each window of the cell cycle. We find that DHFR se-
quences are present in each window. Poor synchroniza-
tion of the cell population would also give rise to this
result. Even though the synchronization profile of the
R50 cells looked good (see Fig. 1) we have hybridized our
aliquots of replicated DNA with an independent probe,
HMG CoA reductase, to analyze the replication of a sin-
gle gene sequence in our samples. The hybridization pro-
file in Fig. 3 demonstrates the excellent degree of syn-
chrony attained in this set of experiments and rules out
this explanation as a possible basis for the pattern of
hybridization observed.

An alternative explanation for the extensive hybrid-
ization of DHFR sequences throughout the cell cycle
would be the detection of pseudogenes in the genomic
DNA. Recent studies of the eucaryotic genome have in-
dicated the existence of pseudogenes, copies of specific
genes which are not expressed. Such intronless pseudo-
genes have been reported for the DHFR gene in human
cell lines [26, 27]. In this study we examined whether the
hybridization of DHFR sequences in the late part of the

167

S phase of the cell cycle is due to the presence of intron-
less pseudogenes. We have synthesized an oligomer ho-
mologous to 32 base pairs in the first intron of the mouse
DHFR gene. Hybridization of this sequence throughout
the S phase of the cell cycle (paralleling the hybridiza-
tion pattern of the entire gene) suggests that the late-
replicating sequences which are homologous to DHFR
are not attributable to the late replication of intronless
pseudogenes.

DHFR genes carried on double minute chromosomes
replicated throughout the S phase of the cell cycle while
DHFR genes carried within the chromosome replicate
only within a discrete window of the S phase. One inter-
pretation of this result is that the DHFR sequences car-
ried on DM chromosomes are not subject to the same
regulation of replication as those genes carried on the
chromosome. This regulation could either be at the level
of initiation or elongation of replication. It could be that
the initiation of replication of the DHFR genes occurs
early in the S phase (in both intrachromosomal and ex-
trachromosomal locations) but that elongation of DNA
sequences on DM chromosomes proceeds slowly. Alter-
natively, these genes may be initiated for replication
throughout the S phase of the cell cycle. Other possible
explanations include differences in the flanking regions
of DNA, higher order chromatin structure or differential
access to replication complexes. The first possibility
would seem to be less likely because of the large amount
of flanking DNA which is amplified along with the
DHFR gene; estimated sizes range from 135 to 10,000 kb
[28, 29]. Reports indicate that an origin of replication is
located relatively near the 3’ end of the DHFR gene in
CHO cells [30] suggesting inclusion of replication regu-
latory sequences within the amplified unit. Preliminary
information has been published which may address the
second possibility. Ultrastructural studies have shown
that DM chromosomes contain nucleosomal chromatin
which is organized into typical higher order fibers [28].
Electron microscopy of Miller spread preparations of
DM chromosomes demonstrated thick chromatin fibers
that are organized into loops and radiate from a central
structure. These structures are reminiscent of the
scaffold structures observed in genomic DNA and have
been postulated to regulate transcription as well as repli-
cation of active genes [31]. Interestingly, the electron
microscopy also revealed that DM chromosomes are of-
ten linked through chromatin strands and may be topo-
logically linked circular molecules which have not been
resolved. It is possible that these concatenated struc-
tures could alter the progression of DNA elongation and
yield the results reported in this paper.

The data presented in this paper suggest that the
DHFR sequences present on DMs are not subject to the
same regulation of replication as those genes found in-
trachromosomally. Further studies are needed to deter-
mine the molecular basis for this observation.
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