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Ribosomal RNA gene repeats (rDNA) are one of the most characteristic regions
in eukaryotic chromosomes. The repeats consist of more than 100 tandem units
occupying large part of the chromosome in most of organisms. Cells are known
to deal with this “unusual domain” in a unique manner. In this review, I will
summarize work on rDNA repeat maintenance, focusing mainly on work done by
our group, and show that the maintenance mechanism operates by a collaboration
of recombination, sister-chromatid cohesion, and chromatin condensation.
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INTRODUCTION

 

Recombination is found throughout life, playing roles in
DNA repair, chromosome segregation, and rescue of
stalled replication forks. Despite these positive roles,
unsuitable recombination is also known to cause genetic
instability. In particular, repeated genes families such
as the ribosomal RNA genes (rDNA) are one of the most
fragile sites for deletional recombination. Even though
the rDNA is susceptible to this kind of instability, each
organism is known to maintain a specific repeat copy
number of rDNA (Table 1), thereby indicating presence of
a mechanism for the maintenance of copy number. This
is reinforced by the fact that the copy number is tightly
regulated, and if repeats are deleted or inserted, copy
number quickly recovers to the wild-type level (Rodland
and Russell, 1982; Kobayashi et al., 1998). Currently we
know two ways by which copy number is maintained.
One way is by gene amplification after deletional recom-
bination in the repeats. This amplification is promoted
by replication-coupled recombination. The other way is
repression of copy number change by silencing, similar to
how heterochromatin functions in higher eukaryotic
cells, when the copy number is normal. This repression
prevents unequal sister-chromatid recombination that

changes the copy number. These amplification and
repression events are the main mechanism to keep rDNA
copy number. Additionally, condensation of rDNA is
important for proper segregation of the rDNA chromo-
some in mitotic (M) phase. In this review I summarize
our current understanding of how theses processes con-
tribute to maintenance of copy number and repeats sta-
bility.

 

rDNA is a “department store” of genomic elements

 

The rDNA encodes genes for structural RNA compo-
nents of the ribosome, that serves as a factory for trans-
lation of mRNA. Because a cell requires so many rRNA
molecules (making up ~70% of total RNA molecules),
most organisms have multiple copies of the rDNA (Table
1). In the yeast 

 

Saccharomyces cerevisiae

 

, there are
~150 tandemly repeated copies of the rDNA on chromo-
some XII (chr XII) in a haploid cell. The rDNA occupies
~60% of the chromosome, therefore the repeats are
expected to contain most of the genomic elements neces-
sary for proper chromosome function. An rDNA repeat-
ing unit (9.1 kb, Fig. 1) consists of two rRNA genes (35S
and 5S) and two intergenic spacers (IGS1 and IGS2, for-
merly called NTS1 and NTS2.). The 35S and 5S rRNA
genes are transcribed specifically by RNA polymerase I
and III (Pol I and III), respectively. Interestingly, a
mitochondrial protein, Tar1p, is encoded on the antisense
strand of the 35S rDNA (Coelho et al., 2002).

 

TAR1

 

 is
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transcribed by RNA polymerase II (Pol II). In the IGS2,
there is a replication origin, 

 

rARS

 

 (for review see Brewer
and Fangman, 1991), and a cohesin associating sequence,

CAR (Laloraya et al., 2000). In the IGS1, there is a rep-
lication fork barrier site, RFB (Kobayashi et al., 1992,
Brewer et al., 1992). Fob1p specifically associates with
the RFB and inhibits rightward replication but not the
other direction in Fig. 1A (Kobayashi, 2003). It is known
that condensin and a silencing protein, Sir2p, associate
with the RFB region (Freeman et al., 2000; Huang and
Moazed, 2003: Johzuka et al., 2006). Thus, the rDNA
repeats contain many elements found generally in the
genome.

 

Mechanism of gene amplification in the rDNA repeats

 

Analysis of trans-acting factors

 

.

 

Repeated genes like
the rDNA are instable because of deletional recombina-
tion among the repeats (Fig. 1B). Therefore, gene ampli-
fication is expected to occur after copy number loss to
return the copy number to its proper level. To under-
stand the mechanism of amplification, we established an
assay system, the “amplification assay” (Kobayashi et al.,
1998). In this assay we used a RNA polymerase I (Pol I)
mutant that carries approximately half (~80) of the wild
type level of rDNA repeat units, and upon introduction of
the missing Pol I gene (

 

RPA135

 

), the number of rDNA
repeats returns back to the wild type level by amplifica-
tion.

 

 

 

Therefore, by combining the Pol I mutation with
mutation in other genes of interest, we were able to deter-
mine what genes are necessary for the amplification that
is induced by introduction of the Pol I gene. By this
assay, we found that genes responsible for double strand
break (DSB) repair, such as 

 

RAD52

 

 and 

 

MRE11

 

, are
required for the amplification (Kobayashi et al., 2004).
In addition, the 

 

FOB1

 

 gene that encodes the replication
fork blocking protein, Fob1p, is also required (Kobayashi
et al., 1998). Using this information, we present a model
detailing how these gene products contribute amplifica-
tion, as shown in Fig. 2. In this model, the RFB/Fob1p
complex is working as a recombinational hotspot that
causes DNA double strand breaks (DSBs) that are the ini-
tiating event of recombination. In fact, such DSBs have
been identified (Kobayashi et al., 2004: Burkhalter and
Sogo, 2004: Weitao et al., 2003). These DSBs are then
repaired by recombination. If the broken end recom-
bines with an unequal sister-chromatid, some copies are
replicated twice and the copy number increases (See Fig.
2-d). In contrast, if the broken end chooses unreplicated
chromatin as the partner for recombination (

 

e.g

 

. around
rARS-3 in Fig. 2-b), copies are skipped from replication
(35S rDNA-

 

③

 

 

 

in this case) and the copy number reduces.
Therefore, this model explains both amplification and
reduction of rDNA copy number through unequal sister
chromatid recombination. As Pol I transcription is
required for rDNA amplification, the transcription seems
to bias the recombination towards increasing the copy
number by selection of the replicated region (around
rARS-1 in Fig. 2-c), as a recombination target, although

 

Table 1. The copy number of the large rDNA in various organ-
isms (haploid)

 

E. coli

 

7 (Ellwood and Nomura, 1982)

 

Saccharomyces cerevisiae

 

150 (Kobayashi et al., 1998)

 

Drosophila melanogaster

 

240 (Tartof, 1979)

 

Xenopus laevis

 

600 (Wallance and Birnstiel, 1966)

 

Homo sapiens

 

350 (Sakai et al., 1995)

 

Arabidopsis thaliana

 

570 (Pruitt and Meyerowitz, 1986)

 

Pisum sativum

 

 (pea) 3,900 (Ingle et al., 1975)

For review see Long and Dawid (1980)

Fig. 1. (

 

A

 

) Structure of the rDNA of 

 

Saccharomyces cerevisiae

 

.
The rDNA occupies ~60% of chr XII in 

 

S. cerevisiae

 

.

 

 

 

The 35S
and 5S rRNA genes, rDNA intergenic spacers (IGS1 and 2), ori-
gin of replication (

 

rARS

 

), replication fork barrier (RFB), EXP,

 

TAR1

 

, and cohesin associating region (CAR) are indicated.
Arrows show the direction of transcription. (

 

B

 

) Recombination
between the repeats reduces the copy number.

 

 

 

In this case, the
repeats lose eight copies.
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the mechanism is not elucidated yet.

 

Analysis of cis-acting factors

 

.

 

As the rDNA is a
multi-copy gene region, it is almost impossible to mutate
a part of an rDNA unit in all of the 150 rDNA units to
check for amplification ability. Therefore determination
of 

 

cis

 

-acting elements for rDNA amplification is not as
easy as that of 

 

cis

 

-acting elements in other part of
genome. To solve this problem, we constructed a strain
in which the majority of rDNA repeats are deleted, leav-
ing two copies of the rDNA (Fig. 3). In addition, 

 

FOB1

 

needs to be disrupted in this strain to prevent amplifica-
tion and maintain the two-copy situation. This strain
can then be used to identify elements that are required
for amplification. To do this, the target region is
replaced with a 

 

URA3

 

 marker, and a plasmid-born 

 

FOB1

 

gene is reintroduced to see whether the mutated rDNA
unit can amplify or not. The IGS1 region, including the
RFB/Fob1p recombinational hotspot, was analyzed by
dividing it into seven segments (A–G, Fig. 3B). We
found that replacement of four of these segments (C–F,

~520 bp) completely abolished amplification ability, there-
fore we named this 

 

cis

 

-essential sequence for amplification
the EXP (expansion of rDNA repeats, Kobayashi et al.,
2001). The EXP contained the RFB as we expected.

By using the same strategy we found that the 

 

rARS

 

,
that is functioning as a replication origin, is also required
for rDNA amplification (Kobayashi et al., in preparation).
Therefore, this supports the model shown in Fig. 2, in
which the rightward replication fork (Fig. 2-b) that is
inhibited by the RFB site and induces DSB, is necessary
for amplification.

 

Fig. 2. The RFB/Fob1p dependent amplification model. Three
copies out of 150 are shown. Individual lines represent chro-
matids with double-stranded DNA. In this model, DNA replica-
tion starts from one of the 

 

rARS

 

 (rARS-2) bidirectionally (a). A
rightward replication fork is arrested at the RFB site and this
arrest stimulates a DNA double strand break (DSB; indicated by
the scissors in b). A strand invasion into a homologous sister
duplex (a downstream sister chromatid near rARS-1 in this
example) takes place (c) and a new replication fork is formed.
The new replication fork meets with the leftward moving repli-
cation fork from the 35S rDNA-

 

③

 

 direction, resulting in forma-
tion of two sister chromatids, one of which gains an extra copy
of rDNA, indicated as striped 35S rDNA-

 

②

 

 (d). The model was
originally proposed by Kobayashi et al. (1998).

 

Fig. 3. (

 

A

 

) Construction of the two-rDNA copy strain. A plas-
mid (pRDN-hyg1) that carries a single rDNA repeat with a
recessive hygromycin-resistant mutation in the 35S rDNA is
introduced into a wild type strain that has 150 rDNA
copies. The resultant transformant is subjected to selection on
hygromycin. Because the wild type allele is dominant to the
mutant 

 

hyg1

 

 allele, hygromycin-resistant mutants selected in
this way are expected to have lost most of the chromosomal
rDNA repeats by spontaneous deletional recombination.
Among them, a strain that has only two rDNA copies is selected.
(

 

B

 

) Structure of the two-rDNA copies strain and detection of 

 

cis

 

-
essential sequences for the amplification. The boundaries of
the repeats (left side is the RFB and right side is the 5S rDNA)
are the same as those of the wild type copy number strain. The
IGS1 region was divided into seven segments, and each of them
was replaced by 

 

URA3

 

 in a 

 

FOB1

 

 defective background. By
reintroduction of 

 

FOB1

 

 gene, it was found that deletions of C–F
(EXP) completely abolished the amplification ability of the
repeats. EXP (~520 bp) contains the RFB, and E-pro (a non-
coding bi-directional Pol II promoter).
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Non-coding transcription activates rDNA amplifi-
cation by cohesin dissociation

 

Although the EXP contains the RFB as discussed, still
three quarters of the EXP sequence is independent of
RFB activity (Kobayashi et al., 2001). The question is
what role does this other part of the EXP play? In a
recent phylogenetic footprinting study using various

 

Saccharomyces

 

 species, we found a highly conserved
sequence that corresponds to a previously-identified bi-
directional Pol II promoter (Santangelo et al., 1988) in the
EXP (Ganley et al., 2005, Fig. 3B). This EXP promoter
(named E-pro) does not appear to be associated with any
coding function, and its position and conservation sug-
gested that it might play a role in rDNA gene
amplification. We found that another bi-directional Pol
II promoter (

 

GAL1/10

 

) could replace E-pro while unidi-
rectional promoter were not able to replace it, thereby
indicating that the transcription activity of E-pro has a
critical role in rDNA amplification (Kobayashi and Gan-

ley, 2005). This is the first finding of functional non-cod-
ing transcription in 

 

S. cerevisiae

 

. In terms of the
mechanism by which E-pro transcription induces the
amplification, we found that cohesin dissociation caused
by transcription is critical (Kobayashi and Ganley,
2005). Using an inducible E-pro promoter, we showed
that repression of transcription allowed cohesin to associ-
ate with the rDNA, while activation of transcription
removed this cohesin association.

 

 

 

Cohesin is a multi-
functional complex involved in chromatin structure, and
it connects the sister-chromatids until they separate in M
phase (Haering and Nasmyth, 2003). It is known that
its localization is inversely-correlated with regions of
transcription (Glynn, 2004; Lengronne, 2004), suggesting
that transcription can physically remove cohesin from the
chromosome. In addition, it was previously suggested
that cohesin association holds chromatids in place, lead-
ing to equal sister-chromatid recombination and thereby
preventing copy number change after DSB formation

 

Fig. 4. The transcription-induced cohesin dissociation model of rDNA amplification. (

 

A

 

) In normal situations, such as wild-type
rDNA copy number, Sir2p represses E-pro activity, allowing cohesin to associate with the IGS. DSBs are repaired by equal sister
chromatid recombination, with no change in rDNA copy number. (

 

B

 

) In situations where Sir2p repression is removed, such as a 

 

sir2

 

mutation, E-pro is activated and this transcription displaces cohesin from the IGS. This lack of cohesion means that unequal sister
chromatids can be used as templates for repair of DSBs, resulting in changes in rDNA copy number as shown in Fig. 2. (C) In the
same situation as (B), DSBs may be repaired by intra-chromosomal recombination. In this case, an ERC (extra rDNA circle) is popped
out. The Lines represent single chromatids (double-strand DNA). The IGS in which the replication fork is paused is expanded in
the bracket.
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(Kobayashi et al., 2004). Therefore, dissociation of
cohesin by E-pro transcription likely facilitates the bro-
ken end during DSB repair to move into a non-equal
rDNA unit, leading to unequal sister-chromatid recombi-
nation, as shown in Fig. 4B (Kobayashi and Ganley,
2005). This cohesin dissociation also can induce intra-
sister chromosomal recombination (Fig. 4C). This
recombination produces extra-chromosomal rDNA circles
(ERC) whose accumulation is thought to be a factor to
accelerate cellular aging (Sinclair and Guarente, 1997).

 

SIR2

 

 is a negative regulator of E-pro transcription

 

E-pro transcription was found to be a critical factor for
the amplification through cohesin dissociation, however
the question then becomes is how is this transcription is
regulated? One possible candidate is the silencing pro-
tein, Sir2p. Sir2p is a NAD-dependent histone deacety-
lase that can alter chromatin structure (Imai et al., 2000;
Fritze et al., 1997). It is known that 

 

SIR2

 

-dependent
silencing represses transcription of Pol II genes that have
been integrated into the rDNA (Smith and Boeke, 1997;
Bryk et al., 1997) and this gene function is required for
rDNA stability (Gottlieb and Esposito, 1989). Moreover,

 

SIR2

 

 was also shown to repress rDNA copy number
change through effects on cohesin association (Kobayashi
et al., 2004). Indeed, when we tested the possibility that
the transcription level of E-pro is repressed by the pres-
ence of 

 

SIR2

 

, we found this was the case (Kobayashi and
Ganley, 2005). In addition, in an E-pro-less strain loss
of 

 

SIR2

 

 function did not affect the rDNA stability, in con-
trast to a wild type strain where the rDNA is highly
unstable when 

 

SIR2

 

 function is lost. Therefore, E-pro
seems to be a major target of Sir2p, leading to rDNA sta-
bility (Kobayashi and Ganley, 2005, Fig. 4A).

 

 

 

Regulation
of amplification can therefore be achieved by turning off
and on Sir2p association with E-pro.

 

Condensin is important for rDNA stability in M phase

 

Condensin is a protein complex that promotes chroma-
tin condensation in M phase to facilitate segregation (for
review, see Hirano, 2000). In 

 

S. cerevisiae

 

, condensation
is not obvious cytologically compared to the situation in
higher eukaryotic cells, except in the rDNA region (Free-
man et al., 2000). In yeast condensin is localized in the
nucleolus (Freeman et al., 2000) and temperature sensi-
tive (ts) mutations are known to increase rDNA insta-
bility more than 60 times over the wild type level, as
measured by marker loss frequency (Bhalla et al., 2002),
therefore a major target of condensin in 

 

S. cerevisiae

 

 is
thought to be the rDNA. It has actually been observed
under microscope that in a condensation defective mutant
(

 

cdc14

 

), the rDNA region is decondensed and presumably
entangled, and this seems to prevent the proper separa-
tion of the sister chromosomes in anaphase (D’Amours et
al., 2004: Sullivan et al., 2004). It was reported that

there is a peak of condensin association around the RFB
region (Freeman et al., 2000: Johzuka et al., 2006), and
also in non-rDNA regions there is a tendency that repli-
cation terminus regions associate with condensin (Wang
at al., 2005). These suggest that condensin may be
related to the torsional stress (utilizing or releasing) that
is produced by the encounter of two replication forks to
start condensing chromosomes after replication has
finished. We will have to wait for further analysis to
understand how this condensation occurs.

 

DISCUSSION

 

In this review we have discussed the evidence that
rDNA stability is maintained by collaboration of recombi-
nation, cohesion, and condensation. Recombination (in
the form of amplification) increases copy number after
deletion of repeats, cohesion leads to equal sister-chroma-
tid recombination by holding broken sister-chromatid
ends in place, and condensation of rDNA makes proper
segregation of the region possible in M phase. The rea-
son that the rDNA repeats require such careful handling
is that they are one of the most fragile sites in the
genome. This in turn suggests that if the rDNA is main-
tained stably, overall genome stability will be conco-
mitantly increased. There is evidence that rDNA
instability enhances cell senescence in yeast. Loss of

 

SIR2

 

 function not only increases rDNA instability, it also
shortens the lifespan to about half of that of the wild type
(Kaeberlein et al., 1999). In contrast, a mutation of

 

FOB1

 

 represses rDNA recombination and extends the
lifespan by more than 50% (Defossez et al., 1999; Takeu-
chi et al., 2003). These findings support the idea that
the rDNA is a fragile site, and by increasing the stability
of the rDNA, the stability of the genome as a whole is
increased, therefore affecting the lifespan. As described
above, ERC accumulation also has a negative effect on
lifespan, although the mechanism is still unknown. It is
possible that rDNA instability may be triggering second-
ary events that are then responsible for reducing lifespan.
For instance, as rDNA instability increases, more repair
enzymes may concentrate at this locus, and therefore
non-rDNA stability may be reduced. In addition, high
levels of rDNA instability may induce cell cycle arrest for
extended periods through checkpoint controls, thereby
disrupting cell function.

Finally, turning the viewpoint to the positive effects of
rDNA instability, the rDNA may have a function as a pri-
mary sensor of genome damage. When the genome is
exposed to exogeneous (

 

e.g

 

. UV) or endogeneous (

 

e.g

 

. NTP
analogues) DNA damaging factors, the rDNA is highly
sensitive to this damage. It quickly triggers cell cycle
arrest through checkpoint controls, and following this the
damage can be repaired. We know that less than 50% of
the rDNA repeat units are transcribed (Dammann et al.,
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1995), therefore it is possible that one role of these excess
copies is to play such kinds of extra-coding functions.
Further study will be required to elucidate precisely what
these functions are.
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