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Ribosomal RNA gene repeats, their stability and cellular senescence
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Abstract: The ribosomal RNA gene (rDNA) repeats form a historically well-researched
region in the chromosome. Their highly repetitive structure can be identified easily which has
enabled studies on DNA replication, recombination, and transcription. The region is one of the most
unstable regions in the genome because of deleterious recombination among the repeats. The
ribosomal RNA gene repeats use a unique gene amplification system to restore the copy number
after this has been reduced due to recombination. It has been shown that unstable features in the
genome can accelerate cellular senescence that restricts the lifespan of a cell. Here, I will introduce
a study by our group that shows how the stability of rDNA is maintained and affects lifespan.
I propose that the ribosomal RNA gene repeats constitute a center from which the stability of the
whole genome is regulated and the lifespan of the cell is controlled.
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Introduction

The most abundant genes in cells from bacteria
to eukaryotes are those encoding for ribosomal RNA.
In bacteria, Escherichia coli, there are 7 ribosomal
RNA genes that are spread over the circular genome
but they are mainly present in regions near an origin
of replication (Fig. 1A).1) The direction of tran-
scription is the same as that of the replication forks
to avoid collision.2) In contrast, in eukaryotic cells, the
ribosomal RNA genes are organized on the chromo-
some in huge clusters of tandem repeats, called rDNA
(Fig. 1BC). The rDNA produces ribosomal RNA to
meet the huge demand for ribosomes that occupy
950% of the total protein mass in a cell.3) A ribosome
is composed from ribosomal RNA (rRNA) and
ribosomal proteins (r-proteins), and translates mRNA
to protein. It is a critical machinery for living
organisms. The RNA components of a ribosome are
working like a ribozyme and play a central role,

together with aminoacyl tRNA, in polypeptide
formation, while the ribosomal proteins maintain
the ribosomal structure and regulate the translational
process.4) The numbers of each rRNA and r-proteins
are almost even in the cell, but in terms of the number
of their genes this is very different. For each r-protein
there is basically one gene and its mRNA is translated
many times while for rRNAs, which will not undergo
such a translational amplification process, many
genes are required for their mass production. For
similar reasons, there are many gene copies for
each tRNA, although these do not form a repetitive
structure on the chromosome. Due to its repetitive
structure, rDNA is easily detected by enzymatic
restriction (Fig. 2), as multiple copies of rDNA
fragments with a unique length will be generated
that can be detected by ethidium bromide staining as
a strong band against a fuzzy background of non-
rDNA fragments of various sizes (Fig. 2A). Moreover,
hybridization with a probe specific for DNA will yield
a strong signal which makes it possible to detect the
small number of intermediates that are formed during
DNA replication and recombination (Fig. 2BC).
These features have contributed to unravel molecular
mechanisms associated with these processes.5),6)

In this review, I will discuss that rDNA is the
most unstable region in the genome and describe how
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its stability is maintained. I also discuss how rDNA
instability affects other cellular processes, especially
cellular senescence.

The structure of rDNA is conserved in
eukaryotes

The ribosomal RNA genes in an eukaryotic cell
form clusters with a highly repetitive structure
(Fig. 1BC) and are part of the nucleolus in which
rRNA is transcribed, processed and assembled with
r-proteins into ribosomes. This organization is con-
served among most of the eukaryotic organisms. In
a human cell, there are five rDNA clusters; on
chromosomes 13, 14, 15, 21 and 22. On these so-called
acrocentric chromosomes the centromere is located
near one of the telomeres and most of the short arm
is occupied by rDNA. The rDNA has a tandem

repetitive structure and each cluster has 970
repeated units of 943 kb each.7),8) In the well-studied
budding yeast (Saccharomyces cerevisiae), often
used as the eukaryotic model organism, 9150 repeats
of 99.1 kb rDNA units form a single cluster on
chromosome XII.9) The sequence of the rRNA genes
is highly conserved among eukaryotes, while the
intergenic spacer regions (IGS) between the genes,
although quite different in length and sequence,
contain three unique elements that are common; an
origin of replication, a replication fork blocking site
and a promoter that directs the synthesis of non-
coding transcripts. At replication origins, DNA
replication starts bi-directionally during S phase,
although only one out of five origins (920%) is
actually activated in a cell cycle (For a review see
ref. 10) and the active origins are clustered.11) In the
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Fig. 1. Structure of rDNA in bacteria, yeast and human cells. (A) In bacteria, Escherichia coli, 7 ribosomal RNA genes are mainly
located in a region of the genome that contains an origin of replication. The direction of rRNA transcription (shown by green arrow
heads) by RNA polymerase is the same as that of the replication forks (shown by red arrows). (B) In budding yeast (Saccharomyces
cerevisiae), an rDNA repeating unit contains a gene for the 35S rRNA precursor that is processed into three mature rRNA species
(18S, 5.8S, and 25S rRNA), an rARS (replication origin), a 5S rDNA, an E-pro (non-coding promoter) and an RFB (replication fork
blocking site). Restriction by BglII (Bg) produces 94.6 kb rDNA fragments. (C) In a human cell, a unit contains an ori (replication
origin), an RFB (replication fork blocking site, located in the Sal1 box), the gene for 47S rRNA which is processed into three mature
rRNA species (18S, 5.8S, and 28S rRNA) and an NP (non-coding promoter). In yeast, the 5S ribosomal RNA genes localize to the
intergenic spacer within the rDNA repeats while in a human cell, these genes are organized in independent repeats.
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case of budding yeast, the origin of replication
consists of an 11 bp core sequence that associates
with an initiator protein complex (Orc), which opens
the double stranded DNA by DNA helicase, after
which new strands are synthesized.12) The replication
fork barrier (RFB) site is quite a unique element
in the genome. One of the physiological roles of the
RFB is to avoid collision between replication and
transcription machineries. As mentioned below, the
transcription of rDNA is quite active, and collision of
the RNA polymerase with the progressing replication
fork would result in the production of incomplete
transcripts. The RFB prevents such a waste of energy
and resources.13) The promoter element in the IGS
from which the production of non-coding transcripts
can be initiated induces gene amplification as
discussed below.

Transcription of rDNA and the role
of non-transcribed repeat

The rDNA is the most actively transcribed
region in the genome. By electron microscopy using
the Miller chromatin spreading technique (“Miller
spread”), many intermediates of rDNA transcription
can be observed due to their unique appearance (also
called “Christmas tree” structures) (Fig. 3).14) In case
of budding yeast rDNA, 950 transcription complexes
with RNA polymerase I, a specific enzyme for 35S
rRNA synthesis, are sitting on a single gene. The
transcript is processed into three mature ribosomal
RNAs (18S, 5.8S, and 25S rRNA), which, together
with the 5S rRNA that is independently transcribed

by RNA polymerase III, establish the backbone of
a ribosome. This process is quite active and 92000
ribosomes are produced per minute per cell (for
review, see ref. 3). There is, however, a long standing
mystery about the organization of this process. In
spite of the huge demand for transcripts, about
half of the rDNA repeats are not transcribed at all
(Fig. 3C). That both active and inactive (or silenced)
units are present, is common to other organisms.
Especially, some plants contain so many rDNA
repeats (Table 1) that most of them are thought to
be inactive. Recently, we identified the reason why so
many rDNA units in budding yeast are not active.15)

First, we established a series of strains that contained
a reduced number of rDNA repeats (20–80 copies) by
using a method I will explain later. In these strains,
most of the units were transcribed because the
demand for rRNA molecules made it such that
the cells could not afford to keep inactive rDNA
(Fig. 3AB). By careful analysis of possible pheno-
types for these “reduced-rDNA” strains, we found
that they became sensitive to DNA damaging agents
such as methyl methanesulfonate (MMS) and ultra-
violet light (UV). The sensitivity to MMS and UV
increased as the number of rDNA repeats decreased.
The mechanism that explained this observation was
quite interesting, that is, the inactive units provide
space for repair enzymes to gain access (a “footing
place”). In fact, inactive rDNA units were associated
with condensin, a protein complex that condenses
rDNA and connects sister-chromatids for repair by
homologous recombination (Fig. 4). In a strain with
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Fig. 2. Detection of rDNA by electrophoresis. Yeast DNA (S. cerevisiae) digested by restriction enzyme BglII was analyzed by (A)
conventional agarose gel electrophoresis and stained with ethidium bromide or by (B) two dimensional agarose gel electrophoresis
that separates replication intermediates. After electrophoresis, southern hybridization was performed to detect the rDNA. (C) A
cartoon to explain the pattern of (B). The intermediates (gray) with a branched structure migrate more slowly than linear molecules.
In (A), as a size marker, lambda DNA digested by HindIII (M) is run along the digested yeast DNA (S) with the rDNA fragment
indicated (arrow head).
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a low number of rDNA repeats, which are occupied
by the transcription machinery, condensin cannot
access the rDNA and any damage that might occur
will not be repaired. Thus, as rDNA transcription is
so busy, inactive repeats are necessary to allow space
for repair machineries.

Copy number maintenance of rDNA

As the rDNA has a tandem repetitive structure,
the repeat number is easily reduced by homologous
recombination among the repeats. As shown in
Fig. 5A, rDNA damage, such as a double strand

break (DSB) caused by radiation, could be repaired
by homologous recombination with another unit of
a neighboring repeat. During such a crossing-over
event, intervening units, which form a loop between
the donor and acceptor site, can be excised and the
overall number of rDNA repeats will be reduced.
Therefore, to maintain the number of rDNA repeats
at an optimal level, a cell should have a system to
increase (recover) the repeat number. This system
is called “gene amplification”. In fact, the length of
rDNA is always changing in a cyclic manner, as
events that lead to the reduction (contraction) of
rDNA alternate with those that cause rDNA
amplification (expansion) (Fig. 5B). We have studied
the molecular mechanisms of rDNA amplification
and established the following model. To amplify a
gene in the chromosome, a cell needs to replicate
some units more than twice and rearrange the extra
copies into a repetitive structure. Moreover, these
two events have to be coordinated. We found that
both the replication initiation and the replication
fork blocking activity were critical for this to happen.
In the cell cycle, DNA replication starts during S
phase from an origin of replication (rARS) bi-
directionally. One of the forks (going from left to
right in Fig. 6, top) is arrested at the replication
fork barrier (RFB) site by the protein Fob1 that
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Fig. 3. Transcription of rDNA in budding yeast. Ongoing transcription of rDNA as visualized by electron microscopy (Miller spread)38)

in cells from (A)(B) reduced rDNA strains (940 repeats) or (C) the wild type strain (9150). The black and gray arrows indicate the
direction of the transcription units in the active and inactive units, respectively. This picture is from French et al. (2003).14)

Table 1. The number of rDNA repeats in several organisms

Species
rDNA repeats

no.

Escherichia coli 7

Saccharomyces cerevisiae 150

Drosophila melanogaster 240

Xenopus laevis 600

Homo sapiens 350

Arabidopsis thaliana 570

Pisum sativum (pea) 3,900

Zea mays (maize) 12,000

For review, see Long and Dawid.42)
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an rDNA unit may be repaired by homologous recombination with another repeat (donor) in the same chromosome. In this case, units
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size maker (H. wingei chromosomes). This picture is from Kobayashi (2009).43)
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specifically associates with the RFB sequence.
Another fork (going from right to left in Fig. 6),
however, is not hindered by Fob1 and can pass the
RFB. When the fork is arrested, a double strand
break (DSB) is induced16),17) and the broken end is
repaired by homologous recombination with the
sister-chromatid. In case that the DSB is repaired
with the nearest sister-chromatid (this is called equal
sister-chromatid recombination), the repeat number
does not change. However, in case that the DSB is
repaired with a neighboring unit (this is called
unequal sister-chromatid recombination), some units
are replicated twice and the repeat number increases.

In summary, the RFB coordinates replication and
recombination, and through the latter, mediates a
possible increase in the number of rDNA repeats.

Recently, we isolated a mutant, rtt109, in which
rDNA copy number is highly amplified (93 times
greater than the wild type level).18) RTT109 encodes
an acetyl transferase that acetylates lysine 56 of
histone H3 and which functions in replication-
coupled nucleosome assembly. In the mutant, we
could observe rolling circle-type replication inter-
mediates, thereby suggesting that the coordination
of replication and recombination is not working and
uncontrollable rolling circle-type replication occurs.
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Fig. 6. Model of gene amplification in rDNA. (A) In normal situations (rDNA copy number is 9150), the silencing protein, Sir2,
represses E-pro (E-pro OFF), allowing the cohesin complex (dotted ellipse) to associate with the IGS. DSBs are repaired by equal
sister chromatid recombination, with no change in the copy number. (B) In situations where copy number is reduced, Sir2 repression
is removed and E-pro is activated (E-pro ON). The transcription displaces cohesin complex from the IGS and unequal sister
chromatids can be used as templates for repair of DSBs. As the result, some units are replicated twice and rDNA copy number
increases. The gray lines represent single chromatids (double-strand DNA).
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Regulation of the number of rDNA repeats

RFB-dependent unequal sister-chromatid re-
combination will only lead to an increase of the
number of rDNA repeats. To keep the number at a
proper level, a system that regulates this recombina-
tion is also required. The non-coding RNA promoter,
E-pro, plays a critical role in this regulation. E-pro
was first identified as a sequence which is essential for
rDNA amplification as deletion of this sequence
completely abolished any increase of the rDNA
repeat number.19) Later, we found that transcription
from E-pro increased the rate of unequal sister-
chromatid recombination by disturbing the associa-
tion of cohesin, that connects sister-chromatids until
cell division, with the rDNA (Fig. 6).16),20) Interest-
ingly, when the rDNA repeat number reaches the
wild-type level, E-pro expression is repressed by Sir2,
which is a NADD-dependent histone deacetylase.
In other words, Sir2 regulates the number of rDNA
repeats through repression of non-coding E-pro
transcription.20)

Though it is not known how Sir2 monitors the
number of rDNA repeats, I speculate that SIR2
expression itself is regulated by Sir2 protein. When
the number of rDNA repeats reduces, Sir2 is released
from the rDNA and binds to the SIR2 promoter to
repress transcription. As a result, the level of Sir2
protein in the cell goes down and E-pro can start
transcription to activate rDNA amplification. When
the repeat number reaches the wild type level, Sir2
can be bound again by the rDNA repeats and is
titrated from the SIR2 promoter, leading to an
increase in the expression of SIR2 with as end-result
the repression of E-pro transcription.21)

In a mouse cell, there is a non-coding promoter
element in the IGS, too. The transcripts are related
to the regulation of rDNA transcription.22) Though
so far there is no evidence that the promoter
enhances recombination, it may have the similar role
to yeast E-pro because of the highly conserved rDNA
structure from yeast to mouse.

rDNA quality is controlled by the rDNA
amplification system

rDNA consists of gene repeats and more than
half of these repeats are not transcribed. In general,
in repetitive sequences like these, especially in non-
transcribed units, mutations can accumulate and
turn such units into non-functional pseudogenes. In
the case of rDNA, however, all repeats are quite
homogeneous, which suggests the presence of a

quality control system that prevents the accumula-
tion of rDNA mutations.23) We demonstrated that
the variation in the number of rDNA repeats,
discussed above, mediates sequence homogeniza-
tion.24) We followed the fate of a neutral mutation
we introduced at a particular site so that neither
rDNA transcription nor its stability would be
affected. The mutation either spread over multiple
rDNA repeats or was deleted.24) This indicates that
the FOB1-induced unequal sister-chromatid recom-
bination controls not only the rDNA repeat number
(quantity), but also homogeneity (quality) (for
review, see ref. 21).

Fob1 and Sir2 are aging genes

Fob1 and Sir2 are central players in rDNA
maintenance; Fob1 induces recombination to change
the number of repeats and Sir2 represses E-pro
transcription to keep the number at a proper level. In
addition to these roles, Fob1 and Sir2 are known to
affect cellular senescence in budding yeast.13),25),26)

Before continuing the story, I would like to introduce
yeast aging. The budding yeast is the simplest
organism to show an aging phenotype. A cell
(mother) produces a daughter by cell division, called
“budding”. The daughter cell is smaller than the
mother, therefore we can recognize which is the
daughter cell after budding (Fig. 7) and follow its
fate. After two hours, the daughter cell divides and
becomes a mother that produces a daughter. After
915 cell divisions, the mother shows aging pheno-
types, such as a slow cell division, mitochondrial
dysfunction, enlargement of the vacuole (and thereby
of its cell-size), and genome instability (for review,
see ref. 27). After 920 cell divisions, in other words,
after producing 920 daughter cells, the mother cell
stops dividing and dies. Going back to the relation-
ship to rDNA, FOB1 and SIR2 affect the rate of
aging; a fob1 mutation extends the cellular lifespan
by 960% while a sir2 mutation shortens the lifespan
by 950%.13),25),26) Moreover, overproduction of Sir2
protein extends the lifespan.25) These data suggest
that rDNA stability is related to the cellular lifespan.

rDNA stability is the main determinant
of yeast lifespan

To show that a direct relationship exists
between rDNA stability and lifespan, we manipu-
lated the stability of the rDNA and monitored what
effect this had on lifespan. For this experiment, we
replaced the non-coding promoter (E-pro), which
is repressed by Sir2, with the galactose promoter
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(GAL-pro) that is repressed when cells are growing
on media with glucose as the carbon source and
induced when cells are on galactose medium. There-
fore, by choice of carbon source, we can control
transcription from the Gal-promoter. The number of
repeats in the rDNA is so large that we cannot
replace their E-pro with the GAL-pro by means of
common gene replacement methods. So, we first
reduced the number of rDNA repeats from 9150 to
two, replaced the E-pro with the GAL-pro by gene
replacement and amplified the mutant rDNA unit
to the wild-type repeat number. As a result, we
succeeded in replacing all the E-pro with the GAL-
pro.20) As expected, when cells were grown on
galactose as a carbon source and the GAL-pro was
activated, the rDNA became unstable whereas the
rDNA remained quite stable during growth on
glucose when the GAL-pro was silenced. In this set-
up, SIR2 became dispensable for maintaining rDNA
stability. As for the relationship between rDNA
stability and lifespan, there was a nice correlation.
That is, on galactose, when the rDNA was unstable,
lifespan was shortened. In contrast, on glucose, when
the rDNA was stable, lifespan was extended.
Furthermore, SIR2 was no longer required for a long
lifespan. Therefore, we concluded that rDNA stabil-
ity is a major determinant of lifespan.28)

Conserved roles of Sir2 in aging

As mentioned, rDNA stability affects cellular
lifespan. In yeast, Sir2 maintains rDNA stability
through its repression of E-pro transcription. There-
fore, Sir2 is a primary aging gene. Sir2 homologues
have been identified in many organisms. They are
NADD-dependent deacetylases although the targets
are not always histones. Recently, it was reported

that overexpression of Sir2 homologue SIRT6 ex-
tended the lifespan of male mice.29) Despite some
disagreement in the literature about the mechanism
of how Sir2 homologs act, Sir2 possibly works as a
lifespan regulator not only in budding yeast but also
in other organisms.30)

In budding yeast, SIR2 affects several physio-
logical functions. It was first identified as a silencing
gene that down-regulated transcription in telomeres,
silent mating type loci, and rDNA. In addition,
during cell division, SIR2 induces asymmetrical
segregation of proteins so that oxidized, i.e. less
functional, proteins stay in the mother cell.31)

Although these SIR2-dependent events are also
thought to contribute to the processes that determine
cellular lifespan, the major determinant in yeast
seems to be transcriptional repression of E-pro. This
conclusion is, as mentioned above, based on the fact
that the lifespan extension obtained after deletion of
E-pro did not require the presence of Sir2. In other
words, Sir2 maintains lifespan mainly through E-pro
repression in the rDNA, not through other events.

The rDNA theory for aging

What would be the biological meaning of
senescence? One possible explanation is that senes-
cence prevents the appearance of abnormal cells. It
is known that genome instability (i.e. mutations,
rearrangements, etc.) gradually increases by internal
(e.g. replication errors) and external (e.g. ultraviolet
light) causes through cell divisions. This instability
changes expression of genes and possibly induces
cancer in mammalian cells. When the lifespan is
longer, the risk becomes bigger. Therefore, one
physiological role of senescence is to kill cells before
such cellular abnormality appears.32)

mother
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A B

Fig. 7. “Budding” in yeast. (A) A bud on the mother cell grows into a daughter cell. White rings on the surface of the mother cell are scars
that are traces of budding. The smaller daughter cell is separated from the mother cell at the end of M phase. (B) A cartoon to explain
(A).
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I think that the rDNA is the best region to
provide indications when to induce cellular senes-
cence. The rDNA is the most unstable region in the
genome; it is the most sensitive to genotoxic factors
and becomes unstable earlier than other genomic
regions. Moreover, it is known that rDNA stability is
recovered in a rejuvenated daughter cell.33) There-
fore, it is apparently useful for a cell to induce
senescence before abnormality is caused by muta-
tions in non-rDNA regions (Fig. 8). I have called
this rDNA-driven senescence, the rDNA theory for
aging.32) In this theory, rDNA instability dominates
the instability of the whole genome and induces
senescence to prevent abnormality in the cell.

The rDNA theory in mammalian cells

The structure of rDNA is highly conserved from
yeast to human cells. An amplification machinery
(replication blocking activity) was also identified in
many organisms.34) Therefore, their rDNA is also
thought to be unstable and in need of a quality
control system to maintain its integrity and the
optimal copy number. In some cancer cells, rear-
rangement in the rDNA was identified.35) Although
there is no direct evidence to correlate rDNA
instability with senescence in mammals, in cells from
patients with premature aging diseases, rearrange-
ments of rDNA repeats were observed.36) Therefore,
in addition to telomere shortening that is observed
during senescence in differentiated cells, rDNA
instability may be a trigger for cellular senescence.
Especially, in stem and germline cells in which
telomere shortening is not occurring, rDNA insta-
bility is possibly working as an inducer of senescence.

Conclusion

There are two kinds of highly repetitive regions
in the genome; telomeres and rDNA. In some
eukaryotic cells, the telomere length is getting
shorter by replication and when it becomes less than
the threshold, the DNA-damage checkpoint response
is activated. This shortening causes arrest of the
cell division cycle for repair and senescence is
induced.37)–39) Therefore, the region is working as a
“counter” to measure the number of cell divisions and
to tell the cell when it should die.40) In budding yeast
and in human stem and germline cells, telomerase,
which contains template RNA to extend the end of
the telomeric repeats,41) is expressed so that telomere
length does not change.

In contrast, the rDNA is working as a “sensor” to
monitor genome instability. It is still unknown how
the rDNA induces senescense. One possibility is that
some aging signals are produced from unstable rDNA.
Alternatively, the unstable rDNA may titrate factors
that are required for genome maintenance and their
shortage is recognized as an aging signal. In any case,
more experimental analysis will be required to unravel
the precise molecular mechanism of how the aging
process of the cell is determined by rDNA instability.
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