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ABSTRACT We propose that a fundamental problem in
the faithful replication of complex chromosomes of higher
eukaryotes is the proper control of both the number and timing
of the multiple initiations of replication on single chromosomes.
When replication patterns are disrupted by any of a variety of
agents, overreplication ofDNA can occur. We propose a model
that accounts for the generation of a wide variety of chromo-
somal aberrations-rearrangements, resulting from the various
ways in which the overreplicated strands can undergo recom-
bination. We also discuss certain implications of the generation
of chromosomal alterations in higher eukaryotes as they may
relate to cancer chemotherapy, cancer progression, aging, and
rapid speciation-evolution.

Previous studies in our laboratory have examined the process
of gene amplification in cultured mammalian cells (for re-
views, see refs. 1 and 2). The frequency of a spontaneous
doubling of the dihydrofolate reductase (DHFR) gene is 1 x
io-, per cell generation (3), and this frequency can be
increased 10-fold or more by pretreatment of cells with agents
such as hydroxyurea (4), UV light, and carcinogens (5).
Mariani and Schimke (6) provided evidence that when DNA
synthesis was inhibited during hour 2 of S phase in synchro-
nized Chinese hamster ovary (CHO) cells, DNA synthesized
before the hydroxyurea block was rereplicated once the
hydroxyurea was removed. This overreplication resulted in
an increase in the number of DHFR genes and led to
enhanced resistance to methotrexate (MTX). This over-
replication involves not only the DHFR gene, which is
replicated early in S phase, but also a large proportion of the
DNA replicated prior to the inhibition of DNA synthesis.
More recently Hill and Schimke (7) have extended these

studies to show that treatment of cells with hydroxyurea
results in the generation of a wide variety of chromosomal
aberrations-rearrangements observed in the first M phase
following inhibition of DNA synthesis. The aberrations
include normal chromosomes with extrachromosomal DNA,
increased frequencies of sister chromatid exchange,
polyploidization, breakage-bridge fusion chromosomes, and
gapped-fragmented chromosomes. Most significant in their
results is the observation that the cells in which the chromo-
somal alterations are observed are derived from that subset
of the treated cells that contains more than the G2 content of
DNA as studied with DNA fluorochromes and flow cyto-
metric techniques.
We observed additionally (S.W.S., A.B.H., and R.T.S.,

unpublished data) that the increased DNA content of cells
previously treated with hydroxyurea (or aphidicolin) does not
result from fusion of cells or uptake ofDNA from killed cells.
The finding that the chromosomal alterations occur only
within the subset of cells with additional DNA leads us to

propose that the chromosomal alterations are the conse-
quence of recombination events involving the strands of
overreplicated DNA, and not that the additional DNA occurs
after the generation of the chromosomal aberrations. Thus,
we propose that gene amplification is only one consequence
of the overreplication process and that the same initial
processes of overreplication and recombination can result in
a number of chromosomal alterations, which have major
consequences for surviving somatic and germ cells.

Perturbation of Cell Replication Patterns and
Overreplication of DNA

The overreplication ofDNA is a phenomenon intimately tied
to the regulation of the number and timing of origins of
replication in "complex" chromosomes. The effects of
perturbing these processes are particularly important.
Pritchard and Lark (8) and Billen (9) have shown that
transient inhibition of DNA replication in Escherichia coli
results in replication from the arrested replication forks as
well as additional initiations. A graphic illustration of multiple
initiations are the studies ofEvenson and Prescott (10), which
show visual evidence in the protozoa Euplotes of multiple
initiations of replication following recovery from brief heat
treatment. Treatment of cells with inhibitors of DNA syn-
thesis likewise result in overreplication of DNA (6). Rice et
al. have shown that transient (12-48 hr) exposure of cells to
hypoxia results in overreplication of DNA in hamster cells
(11). Additionally, Lavi (12) has shown that a number of
agents facilitate amplification of simian virus 40 (SV40)
sequences integrated into CHO cells. Common to these
diverse physical and pharmacologic agents is the production
of a transient inhibition of DNA synthesis. Agents that
introduce adducts into DNA (e.g., UV light and carcinogens)
transiently inhibit DNA synthesis and facilitate gene ampli-
fication (5) and may induce overreplication ofDNA (9). That
inhibition of DNA synthesis results in altered replication
control has been documented by Laughlin and Taylor (13),
who showed by DNA fiber autoradiographic techniques that,
after treatment of cultured cells with 5-fluorouracil, an
increased number of initiations of DNA synthesis occurs.
Recent studies in our laboratory suggest a possible mech-

anism whereby inhibition of DNA synthesis can result in
overreplication of DNA. An important parameter in "induc-
ing" overreplication ofDNA by hydroxyurea and aphidicolin
is the length of time replication is inhibited (R.N.J., J. N.
Feder, and R.T.S.; unpublished data). During the period of
inhibition, there is a 10-fold increase in dihydrofolate
reductase enzyme levels that results from comparable in-
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creases in DHFR mRNA levels. DHFR mnRNA transcription
occurs predominately in a short window of time at the G1-S
boundary of the cell cycle (14), and we suggest that the
inhibition of DNA synthesis "freezes" cells in the cell cycle
where the DHFR gene is transcriptionally active. Alterna-
tively, mRNA may continue to accumulate because the
perturbation of the cell cycle results in an inhibition ofDHFR
mRNA degradation. Gel electrophoresis analysis of soluble
proteins extracted from [35S]methionine pulse-labeled cells
indicate that at least five proteins accumulate during a
replication block in addition to DHFR. We suggest that these
proteins are involved in regulating DNA replication and that
elevated amounts of these proteins allow for overreplication
of DNA once the drug (hydroxyurea or aphidicolin) is
removed from the medium. It follows from this proposal that
perturbations of cells that predominately affect DNA syn-
thesis relative to RNA or protein synthesis will be particu-
larly effective in stimulating overreplication (i.e., when an
unbalanced inhibition is induced). In fact, when inhibitors of
protein synthesis are used in addition to inhibitors of DNA
synthesis, the overreplication process can be markedly
inhibited in cultured animal cells (S.W.S., A.B.H., and
R.T.S., unpublished data).
The extent to which specific DNA sequences (genes) are

potentially vulnerable to overreplication may well vary,
depending on the time of their replication in the cell cycle (15)
and the kinetic properties (i.e., "strength") of individual
replication origins. Lavi (12) has shown that the addition of
a wide variety of agents to the medium of CHO cells
containing integrated SV40 sequences results in extensive
amplification of the SV40 and adjacent hamster DNA se-
quences over a 24- to 48-hr period. This overreplication
requires a functional SV40 replication origin. It remains to be
determined whether DNA sequences in mammalian cells
possess differential affinities for rate-limiting components for
initiation of DNA replication. That limited overreplication of
specific sequences results from reinitiation at a single chro-
mosome site is shown dramatically in the case of Drosophila
chorion genes (16). Interestingly, Thireos et al. (17) showed
that, prior to amplification of the chorion genes, there is a
transient expression of chorion mRNA from the nonamplified
gene. This suggests that gene expression and replication may
be coupled in such a way that an actively expressed gene may
have a higher probability of overreplication when cells are
perturbed.

The Model of Overreplication of DNA and Generation of
Chromosomal Rearrangements-Aberrations

This model is an extension of the model presented previously
(1) that was used to show how amplification of genes might
occur. This model proposes that multiple strands of over-
replicated DNA are ligated together and subsequently re-
combined into the chromatid to generate expanded chromo-
somal regions containing amplified genes. Alternatively, the
overreplicated strands can circularize to form extrachromo-
somal elements. For present purposes, the model deals only
with consequences of recombination. It does not imply
specific mechanisms for overreplication of DNA or for
recombination.

Fig. LA depicts the situation in which overreplication of a
DNA sequence has already occurred. Each line represents
double-stranded DNA. To simplify the model, the sister
chromatids have been completely replicated and ligated;
additionally, only a single rereplicated chromatid strand is
depicted (the dark line). The model is presented in the form
in which rereplicated DNA occurs in "loop" structures, a
model consistent with the studies of Vogelstein et al. (18),
which indicate that the DNA undergoing replication is
moving relative to the replication complexes. The conse-

quence of such a "loop" structure is the close approximation
of free-ended DNA strands, the presence of which is known
to be highly recombinogenic in mammalian cells (19). Addi-
tionally, the model proposes that the recombinations occur
within the replication loop structure (i.e., during S phase).
The recombination structures proposed are analogous to
Holliday structures (20) except that they are generated from
overreplicated DNA strands. Although the model shows only
a single overreplication complex, the length of the recom-
bined DNA can vary and potentially can involve overrepli-
cated DNA constituting multiple replicon lengths.
There are six general consequences of overreplication-re-

combination of DNA as depicted in Fig. 1.
(i) Extrachromosomal elements are generated. If the free

strands ofDNA recombine, they can form extrachromosomal
circular structures (Fig. 1B) that, if capable of autonomous
replication and of sufficient size, would constitute minute
chromosomes. Beverley et al. (21) have provided evidence in
MTX-resistant Leishmania tropica for the presence of
supercoiled structures consistent with this model. In addi-
tion, Hamkalo et al. (22) have found that the ultrastructural
features of minute chromosomes in a MTX-resistant mouse
cell line are consistent with their being circular structures.
Noncircularized DNA segments, DNA circles without ori-
gins of replication, or minute chromosomes not subject to
selection pressure will be lost rapidly in dividing cells. In
postreplicative cells, they may simply be retained in the cells.

(ii) Single-ended recombination into the chromatid results
in breakage of the chromatid. Fig. 1C depicts the recombi-
nation of one end of the overreplicated DNA into the parental
chromatid (for convenience denoted "site 0"). If the second
end of this strand does not recombine, the backbone of the
chromatid is broken. If this same event occurs at multiple
sites on the same or both chromatids, the result will be
varying degrees of fragmentation of sister chromatids. Note
that maintenance of chromosome integrity would be better
served if there were no recombination of overreplicated DNA
into the chromatids.

(iii) Double-ended recombination at sites 0 and I can be
silent or result in an inversion. Fig. 1D depicts recombination
of the overreplicated DNA strand at sites 0 and 1 (i.e., the
same chromatid). In one orientation of ligation, the recom-
bined strand will be present in the same orientation as the
parental (excised) strand. This constitutes a "silent" event.
If ligation occurs in the alternative orientation, the conse-
quence is an inversion. Inasmuch as the size of the over-
replicated DNA strand can be highly variable in length (23),
an inversion may be observed cytologically. In addition, if
the overreplicated strand were displaced relative to the
similar sequence on the chromatid and underwent a double-
ended recombination event within a gene (e.g., homologous
recombination within a coding sequence or nonhomologous
recombination within an intervening sequence), the conse-
quence would be a nonreciprocal "gene conversion" event
(20, 24). Additional consequences of this (or any other
recombination) would include deletions and insertions as well
as recombinational point mutations. Interestingly, Turner et
al. (25) have reported that at the hypoxanthine/guanine
phosphoribosyl transferase locus in humans, 57% of naturally
occurring mutations involve major deletions-rearrange-
ments, some of which are also associated with amplification
events.

(iv) Double-ended recombination at sites 0 and 2 results in
a sister chromatid exchange. Fig. 1E shows the recombina-
tion between sites 0 and 2, resulting in a sister chromatid
exchange between chromatid a and b'. Note that such a
recombination results in a break in the sister chromatid.
Thus, if the reciprocal chromatid recombination (b to a') does
not occur, a broken chromatid is generated. As in the case of
a site 0 and 1 recombination, the recombined strand may
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FIG. 1. Model of over-

replication-recombination lead-
ing to chromosomal aberrations.
See the text for a description of
this model. Each thin line rep-
resents completed chromatids
(double-stranded DNA), and the
darker lines represent the over-
replicated (double-stranded)
strands.

result in an inversion of the overreplicated-recombined DNA
sequence (not depicted). Note also that a site 0-2 recombi-
nation can result in a duplication (Fig. 1E).

(v) Double-ended recombination at sites 0 and 3 results in
a breakage-bridge fusion chromosome. Fig. iF shows the
double-ended recombination at sites 0 and 3. The conse-
quence is the generation of a dicentric chromosome and loss
of the chromatids distal to the recombination.

(vi) Overreplication of DNA can result in partial or
complete endoreduplication of a chromosome or multiple
chromosomes. Pritchard and Lark (8) showed that, when
DNA synthesis is inhibited in an E. coli thymine auxotroph
by removal of thymine, upon restoration of DNA synthesis
the blocked replication forks continue from the point of
inhibition, and there is overreplication of DNA from reiniti-
ation processes. We propose a similar mechanism for the
generation of complete or partially endoreduplicated chro-
mosomes. The length of the overreplicated DNA can vary
dramatically, resulting in some instances in endoreduplica-
tion of the entire chromosome complement or in complete or
partial duplication of individual chromosomes. The conse-
quence of such an event is the generation of various forms of
polyploidy in cells, including so-called B chromosomes. In
addition, if major regions of a chromosome are endoredupli-
cated and undergo chromatid pairing, a number of aberrant
structures can be generated (so-called mitotic recombination
events). Many such aberrant structures will be resolved
during mitosis of viable cells, including loss of partially
reduplicated chromosomes lacking centromeric regions. One
can readily envisage that translocations could result from
recombination of chromatid fragments in the occasional cell
in which chromosome (and gene) integrity is maintained to

allow replicative viability of cells (see ref. 26 for further
discussion).

Hill and Schimke (7) have analyzed metaphase spreads of
cells subjected to hydroxyurea and provide (i) numerous
examples of virtually all of the above predicted chromosomal
alterations often combined in the same metaphase spreads
and (ii) an extended discussion of relevant literature. The
same spectrum ofabnormalities are present after treatment of
cells with aphidicolin (27). It is interesting to note that there
are a variety of chromosomal aberrations in MTX-resistant
cell lines with chromosomally localized, amplified DHFR
genes in so-called homogeneously staining regions. Some
chromosomes contain large inversions within such expanded
chromosomes (28). Other chromosomes with amplified genes
occur as dicentric chromosomes in which the fusion has
occurred in the expanded region containing amplified genes
(i.e., breakage-bridge fusion chromosomes) (29, 30). In
addition, karyological changes (e.g., translocations, expand-
ed regions, ring chromosomes) that are not associated with
DHFR gene amplification are often seen in MTX-resistant
cell lines (30-32).

On the Possible Consequences of
Overreplication-Recombination

In the preceding section, we have suggested that a chain of
causal relationships extends from perturbation of DNA
replication to overreplication of DNA to the generation of
various forms of genomic rearrangements and aberrations.
Because numerous agents can alter replication patterns in
cells and because genomic rearrangements are significant in
a number of contexts, we wish to comment and speculate on
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the consequences of this process in cancer, aging, and
evolution.
Cancer and Cancer Chemotherapy. The concept that over-

replication-amplification is a mechanism for the generation
of malignant phenotypes was first proposed formally in terms
of "replicon misfiring" by Varshavsky (33). DHFR gene
amplification has been shown to be a mechanism of clinical
resistance to MTX. In addition, evidence is accumulating that
various cellular oncogenes are amplified in a variety of
human tumors (see refs. 1 and 2). The two types of phenom-
ena are analogous inasmuch as in both cases the overpro-
duction of protein products by virtue of gene amplification
can be envisaged as a means to overcoming growth control.
Schimke (34) has discussed some of the implications for rapid
emergence of drug resistance based on the fact that many
agents used in cancer chemotherapy regimens are inhibitors
of DNA synthesis. Since carcinogens (5, 12) can facilitate
overreplication-amplification events, we raise the question
as to whether DNA adduct formation might also function in
part through the consequences of such adducts acting to
inhibit replication fork movement, resulting in overreplica-
tion due either to increased "normal" replication or induc-
tion of a repair-replication function. Among other possible
consequences of such a process might be recombinational
mutagenesis of oncogenes and recombinational activation of
and/or inactivation of growth-controlling genes.

Additional consequences of perturbed replication include
the generation of aneuploidy in tumor cells and of cellular
heterogeneity within tumor populations (35). Treatments
known to induce chromosome fragile sites indirectly influ-
ence DNA replication (36), and evidence has been presented
suggesting a relation between fragile sites and generation of
specific chromosomal rearrangements correlated with human
cancer (37). Such sites may constitute chromosomal regions
subject to a higher probability of overreplication.
An important question to raise is whether normal cells are

capable of the overreplication phenomenon. It is possible that
an important component in the alteration of cells to generate
an overt cancer and/or in its subsequent malignant progres-
sion is the relaxation or loss of "replication control" (i.e.,
control of the number and timing of initiations of DNA
replication). If so, then some examples of cellular oncogene
amplification in tumors may be a consequence of overreplica-
tion of particularly amplification-prone genes. Thus, while
oncogene amplification may be causally related to tumor
progression, it could also reflect a loss of replication control.
We would argue that overreplication-recombination does

occur in nontumorigenic cells as an occasional consequence
of improper replication control. There are various reports
documenting the existence of small, circular DNA molecules
in a variety of mammalian cells, both in intact organisms and
in cells in culture (37-40). We suggest that such structures
are, indeed, a "successful" consequence of the overreplica-
tion phenomenon inasmuch as strand recombination can lead
to chromosome fragmentation (Fig. 1C), a detrimental con-
sequence for dividing cells. Bloom et al. (41) reported
year-to-year variation in chromosomal breakage in leuko-
cytes in South American Indians. It remains to be determined
to what extent such circular DNAs and aberrant chromo-
somes are a consequence of "normal" replication and to
what extent they are the result of drug ingestion, exposure to
pollutants, or physical perturbations (such as intercurrent
infections and febrile episodes).

Aging. If there is any generalization that describes the
overall phenomenon of aging at the cellular level, it would be
that there is a progressive decrement in both the number of
cells and in the functions of the existing cells. A number of
investigators have shown that "older" cells have a higher
incidence of chromosomal aberrations, including, for exam-
ple, sister chromatid exchange (42). Harnden et al. (43) have

shown that clonal chromosomal aberrations were not detect-
ed in primary cultures of human fetal fibroblasts, whereas
25% of primary cultures from adult fibroblasts showed clonal
chromosomal aberrations. Martin et al. (44) have recently
studied chromosomal aberrations in first mitotic divisions of
primary cultures of mouse kidney cells in progressively aging
mice and found that -5% of metaphase spreads contained
aberrations in young mice, whereas in 40-month-old mice
27% of metaphase spreads were aberrant. Such aberrations
include sister chromatid exchanges, gapping-fragmentation
of chromosomes, as well as normal chromosomes with
extrachromosomal DNA-aberrations whose relative fre-
quencies are similar to those described by Hill and Schimke
(7) as a consequence of treatment of cells with hydroxyurea
(see above).
We suggest that the decrement in number and function of

cells during aging may reflect genomic changes caused by
overreplication-recombination. The most frequently ob-
served form of aberration seen in hydroxyurea-treated cells
is chromosome gapping-fragmentation (7), as proposed from
one-ended recombination (Fig. 1C). Mitosis in cells with such
gaps will result in unequal assortment of chromosome seg-
ments, partial haploidy, and the death of cells in subsequent
mitoses. In cell types where stem-cell proliferation occurs
(for instance the immune and hematologic systems and with
certain neuroendocrine functions), the consequence of ex-
tensive chromosome gapping-fragmentation would be a dim-
inution in the number of differentiated cells. A "partial
haploidy" as generated by limited chromosomal fragmenta-
tion may have important detrimental effects in a variety of
postreplicative cells whose function is critical to the homeo-
static regulation of organismal functioning. Inasmuch as a
number of studies have indicated the existence of an age-
related increase in the number of chromosomal aberrations,
the question must again be posed, as is the case with cancer,
whether loss of replication control is primary in the accumu-
lation of cells with chromosomal damage. Such a loss of
replication control could be programmed or stochastic and
could be the consequence of a variety of fundamental
"damaging" mechanisms.

Evolution. A great deal of genetic-genomic change of
evolutionary significance is not accounted for by the accu-
mulation of point mutations within coding sequences of genes
and/or regulatory regions. Likewise, the inactivation of
genes by transposon mutagenesis cannot account for the
variety of these genomic changes. Thus, the generation of
multigene families, changes in genome size and complexity,
rapid change in sequence copy number, maintenance of
homogeneity in gene clusters, ploidy changes, and multiple
chromosome rearrangements are significant aspects of
genome evolution, for which a unifying mechanistic basis is
lacking. However, such gross genomic change can be ex-
plained by loss of replicative control in germ cells, leading to
overreplication-recombination and the generation of herita-
ble genomic rearrangements. Among treatments of
cells/organisms that result in overreplication of DNA are
heat (10) and alterations in the partial oxygen tension (11),
and we suggest that other environmental perturbations may
do likewise (45). In organisms in which development occurs
in the external environment, the germ cells are potentially
subject to direct environmental perturbation of DNA repli-
cation. Plant germ cells may be particularly prone to such
disturbance with the potential for rapid genomic change.
Major genomic change often is an aspect of population
divergence in plants (46), and, for example, Lewis (47) has
argued that speciation in the genus Clarkia resulted from the
"simultaneous" generation and fixation of multiple chromo-
some rearrangements. The rapid mitotic expansion of the
germ-cell lineage in homeotherms is presumably buffered
against direct environmental influences. However, it has
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been shown that metabolic perturbation of proliferating
primordial germ cells can induce an extremely high level of
chromosomal abnormality in the gametes of adult female
mice (48).
An important consequence of the hypothesis we are

presenting is that if a chromosomal rearrangement occurred
early in the expansion of the germ-cell lineage, a significant
number of the resulting gametes present in a single individual
could carry the same and/or other chromosomal alter-
ation(s). If such gametes were viable in generating reproduc-
tively competent offspring, chromosome changes could be
rapidly introduced into a population and quickly fixed in the
homozygous state by brother-sister mating.

It is, perhaps, difficult to accept the notion that over-
replication-recombination occurs at a high frequency in
mitotically dividing germ-cell lineages, inasmuch as there is
maintenance of overall genome structure and developmental
programs within each species. However, in mammals it is
well documented that the vast majority of primordial germ
cells degenerate during primordial germ-cell mitosis and in
meiosis. This so-called germ-cell "atresia" accounts for the
loss of up to 90-98% of the primordial germ cells (49). It is
dividing rather than interphase cells that degenerate, and
degenerating mitotic and meiotic prophase cells show chro-
mosomal abnormalities (49-51). Germ cell atresia has also
been observed in birds (52) and in cyclostomes (53).
We suggest that germ cells are subject to the basic problem

of control of number and timing of replication origins, which, if
altered, can lead to death and chromosomal rearrangements,
most ofwhich may be of little or no consequence to the resulting
offspring. As has been suggested by Bernstein (54), meiosis may
have an important "repair" function by means ofwhich pairing
of chromosomes has an "editing" function to either rearrange
chromosomal aberrations or to insure that such potential
gametes do not progress to the state of reproductive capability.
We can only assume that the meiotic editing function is not
foolproof, inasmuch as 60%o of spontaneous abortions in hu-
mans have gross karyotypic abnormalities (55).

This paper is an attempt to provide new views on the
generation of rapid genome changes in higher eukaryotes. As
complex organisms have evolved, with an increase in genome
size, the requirement for the retention of genetic material in
a form that can be replicated faithfully and segregated
properly into daughter cells has required the evolution of
chromosomes with multiple initiation sites for DNA replica-
tion within each chromosome. We suggest that the problems
attendant to the replication of such complex chromosomes
and the potential for generation of chromosomal aberrations,
in particular under circumstances where DNA replication
patterns are perturbed, are critical to maintaining genomic
constancy from generation to generation in both somatic cells
and germ cells. Deviation from this constancy is, indeed, an
aberration with potential adverse effects for both somatic and
germ cells. Space constraints do not allow for an extensive
development of the concepts mentioned here, and we must
apologize for the inability to provide all relevant references
or give suitable acknowledgments for many investigations
highly relevant to these speculations.

Studies referenced from the authors' laboratory have been sup-
ported by research grants from the National Institutes of Health (GM
14931 and CA 16318) and the American Cancer Society (NP 148).
R.T.S. is an American Cancer Society Research Professor. S.W.S.
is a postdoctoral fellow of the Rockefeller Foundation.
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