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Abstract

Eukaryotic cells use numerous mechanisms to ensure that no segment of their DNA is
inappropriately re-replicated, but the importance of this stringent control on genome stability has
not been tested. Here we show that re-replication in Saccharomyces cerevisiae can strongly induce
the initial step of gene amplification, increasing gene copy number from one to two or more. The
resulting amplicons consist of large internal chromosomal segments that are bounded by Ty
repetitive elements and are intrachromosomally arrayed at their endogenous locus in direct head-
to-tail orientation. These re-replication—induced gene amplifications are mediated by nonallelic
homologous recombination between the repetitive elements. We suggest that re-replication may be
a contributor to gene copy number changes, which are important in fields such as cancer biology,
evolution, and human genetics.

A central tenet of eukaryotic cell biology is that cells replicate their DNA only once every
cell cycle. Although it has become an article of faith that this regulation is important because
re-replication would threaten genome stability (1), that faith has never been experimentally
tested. Preventing re-replication in eukaryotic cells requires blocking re-initiation at
thousands of origins scattered throughout the genome, and eukaryotic cells use numerous
overlapping mechanisms to do this (2, 3). By disrupting these mechanisms in a controlled
manner, we are now able to examine re-replicated cells for possible genomic alterations.

The alterations we first looked for were heritable increases in gene copy number. Such
increases are observed in the gene amplifications commonly associated with cancers (4, 5),
the gene duplications important for molecular evolution (6), and the copy number variations
prevalent in human genomes (7). Although re-replication was once a leading model for copy
number increases, specifically during gene amplification (8, 9), the model has long been
abandoned for lack of experimental support for it (10). Hence, re-replication is not seriously
considered as a possible source of heritable copy number changes (4, 11, 12). Here, we
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demonstrate that re-replication can readily induce copy number changes, provoking
reconsideration of re-replication as a potential source of such changes in cancer and
evolution (8).

We have developed a system to detect and quantify early amplification events arising from a
transient and limited pulse of re-replication at a defined genomic locus in the budding yeast
Saccharomyces cerevisiae (Fig. 1A and figs. S1 and S2A). We took advantage of our ability
to induce re-replication predominantly from a single origin (ARS317) by conditionally
deregulating the replication initiation proteins Mcm2-7 and Cdc6 (MC,a genetic
background) (13). We also adapted a copy number assay in which cells with a single copy of
the ade3-Zp allele turn pink, and cells with two or more copies turn red (14).

ARS317and ade3-Zp were combined in a re-replicating reporter cassette (fig. S1A) that was
integrated at either of two loci on chromosome IV (Chr 1V5g7x, and Chr 1V 1gggip) in a
haploid MCya background from which the endogenous ARS317was deleted. After arresting
cells at the Go/M phase [time (&) = 0 hours], we transiently induced re-replication until half
of the ARS317 origins re-initiated (#= 3 hours), then plated for isolated colonies at both time
points. The mostly pink colonies were screened for heritable amplification of ade3-Zp by
looking for colonies with red sectors (fig. S1B). Colonies with one-half, one-quarter, or one-
eighth red sectors were scored to focus on amplifications arising within three generations of
the re-replication pulse (table S1).

Inducing re-replication for 3 hours from the ade3-Zp-ARS317 cassette integrated at Chr
IV567kp (Strain YJL6558) caused a 42-fold increase in red sectors to 3.3% of all colonies
(Fig. 1B). Suppressing this re-replication by removing deregulated Cdc6 from the MCoa
background (YJL6974) or ARS317from the cassette (YJL6555) resulted, respectively, in
only 4- and 12-fold increases in red sectors (Fig. 1B), most of which had not amplified the
ade3-Zp cassette. Re-replication also induced colony sectoring by 38-fold when the ade3-Zp-
ARS317 cassette was relocated to Chr 1V 1gggxp, (fig. S2B and table S1).

Array comparative genomic hybridization (aCGH) on 35 red sectors derived from YJL6558
(table S2) confirmed that most [31 of 35 (31/35)] had at least two copies of an internal
chromosomal segment encompassing the ade3-2p-ARS317 cassette. Amplicons ranged in
size from 135 to 470 kb (Fig. 1C) with boundaries mapping within a few kilobases of Ty
elements or, rarely, long terminal repeats (LTRSs) oriented in direct repeat. Similar aCGH
results were obtained for red sectors arising from re-replication of the ade3-Zp cassette
integrated at Chr 1V1ggkp (fig. S2C and table S3). In contrast, few amplifications were
observed among the less frequent red sectors isolated from the control strains YJL6974
(3/32) (table S4) and YJL6555 (1/6).

Using the aCGH data to convert sectoring to amplification frequency (10), we estimated
relative amplification frequencies of 1:8:230 for YJL6974:YJL6555:YJL6558, respectively,
and an absolute frequency of 3 x 1072 for YJL6558 (Fig. 1B and table S2). This frequency
roughly translates into an order of magnitude rate of 1072 per generation (10), which is
significantly higher than spontaneous rates of segmental duplications (1077 to 107 per
generation) or higher-order amplifications (1010) reported for budding yeast (15, 16).

Re-replication generates slowed or stalled forks and DNA damage (17-20), perturbations
that have been implicated in genomic alterations (21). Nonetheless, neither disruption of
DNA replication by means of hydroxyurea or temperature-sensitive replication mutations
(fig. S3, A and B) nor treatment of cells with the DNA-damaging agent phleomycin (fig. S3,
C to E, and table S5) induced substantial ade3-Zp amplification comparable to re-replication.
Thus, re-replication appears to be particularly effective at inducing gene amplification (10),
and we refer to these events as re-replication—induced gene amplification (RRIGA).
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To investigate the mechanism of RRIGA, we determined the position, orientation, and
boundaries of 20 segmental amplifications arising from re-replication of the ade3-Zp cassette
integrated at Chr IVsg7. All 20 were located to Chr 1V, because this chromosome increased
in size by an amount consistent with the length and copy number of the additional
amplicon(s) (Fig. 2A and table S1). No other chromosomes increased in size, and probing
for the ADE3 sequences on the ade3-Zp cassette confirmed that the amplicons resided only
on Chr IV (Fig. 2A).

We then tested the hypothesis that the amplicons were tandemly arrayed at their endogenous
locus. The three possible arrangements for such tandem duplications (head to tail, head to
head, or tail to tail) each generate a particular set of junctions and boundaries that are
distinguishable by polymerase chain reaction (PCR) (Fig. 2B). Moreover, we could confirm
the presence of Ty or LTR elements at these boundaries by using primers that flank these
elements. Of the 20 amplifications examined, PCR products from 19 of them established
that RRIGA amplicons are indeed tandemly arrayed at their endogenous locus in head-to-tail
orientation and are bounded by Ty or LTR elements in direct repeat (Fig. 2B) (10).

Such structures could arise from nonallelic homologous recombination (NAHR). To
examine this possibility, we sequenced the PCR products for interamplicon junctions from
four independent amplifications spanning kilobases 515 to 650 on Chr IV. The sequences
revealed hybrid Ty elements generated by precise crossovers between Ty2-1 at 515 kb and
Ty1-1 at 650 kb (Fig. 3A and fig. S4). In addition, RRIGA was greatly reduced by deletion
of RAD5Z, which is essential for homologous recombination (Fig. 3, B and C, and tables S1
and S6), but was not affected by deletion of DNL4, which is required for nonhomologous
end-joining (NHEJ). Thus, RRIGA in budding yeast is mediated by NAHR between
repetitive elements flanking a re-replicated chromosomal segment.

How re-replication might stimulate NAHR with such high efficiency is illustrated in Fig.
3D. First, re-replication increases the copy number of a chromosome segment. Second, re-
replication forks, which display compromised progression, may stall, collapse, and break
with high frequency. Third, in contrast to stalled replication forks in S phase, isolated re-
replication forks are unlikely to be rescued by converging forks from neighboring origins.
Fourth, the re-replication bubble structure can facilitate recombinational repair between re-
replicated segments in a variety of ways, such as by pairing double-stranded breaks that
might occur at both forks in trans.

In short, re-replication appears capable of promoting several key events in an optimal
temporal order and spatial context to stimulate gene amplifications. The critical events occur
before repair pathways are recruited, leaving room for alternative ways to resolve broken re-
replication bubbles (10). Hence, although RRIGA is preferentially mediated by NAHR in
budding yeast, additional repair pathways, such as NHEJ, might be used by other species. In
fact, repair of broken re-replication bubbles may well stimulate other genomic alterations
besides RRIGA.

Our results demonstrate that loss of eukaryotic DNA replication control can indeed induce
genome instability, and in the case of RRIGA does so with extraordinary efficiency. Such
efficiency suggests that even lower levels of re-replication, below the sensitivity of current
assays (<5 to 10%), may cause substantial induction of RRIGA (10). Thus, although some
consider the multiple mechanisms used to control replication as redundant, because
disrupting them individually does not lead to detectable re-replication (2), we view each as
essential for the stringent control needed to safeguard genome stability (2, 3, 13).

Establishing that re-replication can induce copy number changes raises the question of
whether re-replication actually does induce such changes in cancer and evolution (10).
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Several recent observations hint that RRIGA might indeed play a role in oncogenesis or
tumor progression. For example, segmental duplications found in two tumor genomes bear
striking similarity to RRIGA structures observed in budding yeast: Oncogenes are
duplicated in a head-to-tail arrangement in loco, with repetitive Alu elements at the outer
amplicon boundaries and a hybrid recombinant Alu element at the interamplicon junction
(22, 23). Additionally, replication initiation proteins are overexpressed in a number of
human cancers (1, 24), and modest overexpression of the replication proteins Cdt1 and Cdc6
can potentiate oncogenesis in mouse cells (25-27). We thus hope that our study provokes
further investigation into the possible role of RRIGA in cancer and evolution.
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Fig. 1.

Re-replication greatly stimulates gene amplification. (A) Induction of re-replication from
ARS317. Strains containing an ade3-2p copy number reporter cassette integrated at Chr
V567K Were arrested in Go/M phase and treated with galactose to trigger re-initiation of
ARS317. aCGH analysis of re-replication (>2C) is shown for Chr 1V. All other
chromosomes maintained a 2C copy number. Top: YJL6974, a non-re-replicating strain
with ARS317in cassette. Middle: YJL6555, a re-replicating strain with no ARS317in
cassette. Bottom: YJL6558, a re-replicating strain with ARS317in cassette. (B) ARS317re-
replication stimulates gene amplification. Left: Frequency of one-half to one-eighth red-
sectored colonies (mean £ SEM, n= 2 to 7 induction replicates; table S1) after 0 or 3 hours
of galactose induction of YJL6974, YJL6555, and YJL6558. Right: Amplification frequency
estimated by multiplying sector frequency by the fraction of sectored colonies displaying
reporter cassette amplification (tables S2 and S4). (C) Red sectors induced by re-replication
display gene amplifications. Thirty-five red sectors derived from YJL6558 were analyzed by
aCGH and classified on the basis of the copy number profile of Chr IV. A schematic of Chr
IV (top) shows the positions of Ty elements (triangles), the centromere (circle), and the
ade3-2p cassette (black bar).
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Structure of gene amplifications induced by re-replication. (A) Amplicons remain on the
endogenous chromosome. Pulsed-field gel electrophoresis—separated chromosomes from 24
sectors analyzed in Fig. 1C (table S2) were visualized by ethidium bromide staining (left),
then probed for ADE3, which detects both age3on Chr VII and ade3-Zp in the reporter
cassette (right). YJL6558 (the parental strain), YJL7100, YJL7106, YJL7113, and YJL7118
did not contain amplifications. The Chr IV doublet pattern for YJL7098 and YJL7099 is
consistent with the partial loss of amplification from the population. (B) Amplicons are
tandemly arrayed in loco in direct head-to-tail orientation. Schematics of an unamplified
amplicon and three possible orientations for amplicons tandemly duplicated in loco are
shown. Predicted PCR junction fragments (10) are shown for five sets of primers that flank

amplicon boundaries (+, PCR product expected; —, no PCR product expected).
Representative PCR products are shown for parental strain YJL6558 and 19 of the 20

amplified strains displayed in (A).
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Fig. 3.

Role of nonallelic homologous recombination in RRIGA. (A) Schematic of hybrid
recombinant Ty elements (fig. S4) found at the interamplicon junction of four isolates with
segmental amplifications on Chr IV from 515 to 650 kb. (B) Re-replication-induced
sectoring is dependent on HR and not NHEJ. YJL7443 (dn/4A) and YJL7452 (rad52A) are
otherwise isogenic with re-replicating strain YJL6558. Re-replication—induced sectoring
frequency (mean £SEM, 7= 2 to 7 induction replicates; table S1) was analyzed as described
for Fig. 1B. (C) Re-replication—induced gene amplification is dependent on HR and not
NHEJ. A representative aCGH analysis of Chr IV for 24 red sectors derived from YJL7443
(dnl4A) and 48 derived from YJL7452 (rad52A) is shown (table S6). (D) How re-replication
might stimulate NAHR. Arrowheads, nonallelic or hybrid recombinant repetitive element;
arrows, amplified segments.
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