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Abstract—This review is focused on biology of genes encoding ribosomal RNA (rRNA) in mammals. rRNA is a structural
component of the most abundant cellular molecule, the ribosome. There are many copies of rRNA genes per genome that
are under tight transcriptional control by epigenetic mechanisms serving to meet cellular needs in protein synthesis.
Curiously, only a fraction of rRNA genes is used even in the fast-growing cells, raising a question why unused copies of these
genes have not been lost during evolution. Two plausible explanations are discussed. First, there is evidence that besides their
direct function in production of rRNA, ribosomal RNA genes are involved in regulation of many other genes in the nucle-
us by forming either temporary or persistent complexes with these genes. Second, it seems that rRNA genes also play a role
in the maintenance of genome stability, where lower copy number of rRNA genes destabilizes the genome. These “addi-
tional” functions of rRNA genes make them recurrent candidate drivers of chronic human diseases and aging. Experimental
support for the involvement of these genes in human diseases and potential mechanisms are also discussed.
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INTRODUCTION

Ribosome production starts with the synthesis of
ribosomal RNA and its assembly with ribosomal proteins
that takes place in the nuclear organelles, nucleoli. This
process engages multiple accessory factors and utilizes
most of the cellular energy. In this review we discuss epi-
genetic mechanisms of regulation of ribosomal RNA
genes (rDNA). Epigenetics is broadly defined as lasting
changes in gene expression that can propagate though cell
divisions and can even be transmitted through genera-
tions. Epigenetic changes in gene expression states are
associated with the altered profiles of histone modifica-
tions and DNA methylation at the promoter, gene body,
and distant regulatory elements. In this context we also
discuss non-canonic role of rDNA loci in regulation of
other genes and genome integrity.

Abbreviations: 1GS, intergenic spacer in rDNA; NOR, nucleo-
lus organizer region; rDNA, ribosomal RNA gene; rRNA, ribo-
somal RNA; UBF, RNA polymerase I transcription factor.

1t is all about ribosomes.

Lev Ovchinnikov

STRUCTURAL ORGANIZATION OF rDNA

The number of rDNA repeats per genome varies
between species, from few (7 in E. coli) to thousands
(about 12,000 in Zea mays) [1]. In mammals, there are
several hundred copies of rDNA genes per genome (300-
500 in human), which are organized in several large
genomic domains that also contain other sequences with
essentially unknown function. The number of rDNA
repeats per genome is not fixed, for example, it varies
between the human individuals up to three-fold. In the
nucleus, TDNA clusters are associated with the large
chromosome compartments known as Nucleolar
Organizer Regions (NORs) that were initially defined as
regions stained with silver nitrate that are in nucleoli,
compartments where rDNA genes are transcribed, ribo-
somal RNA (rRNA) is processed and assembled with
ribosomal proteins. NORs appear as dark areas on the
metaphase chromosomes that form the nucleolus during
interphase. In human, for example, rDNA repeats are
clustered in the NORs located on the p-arms of the five
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rDNA repeats. a) Genomic organization: small arms of five human chromosomes are dedicated to rDNA (orange boxes). b) An array or IDNA
repeats with transcribed and silenced unis. Below, structure of one rDNA repeat unit. Locations of IGS, rRNA coding region (gray box),
upstream control elements (UCE), and core promoter (CP) are shown. T1-11 transcription terminators. ¢) On active rDNA copies (left), Pol I
is recruited on active rDNA copies (left) through UBF (RNA polymerase I transcription factor) to nucleosome-free template, whereas
silenced state (right) is maintained by factors that condense chromatin and prevent binding of UBF

acrocentric chromosomes (Chrl3, 14, 15, 21, and 22)
(figure, a) [2]. Sequencing analysis provides evidence for
exchanges between these chromosomal arms and reveal
extensive structural variation between the chromosomes
and among the individuals [3]. Distribution of rDNA
copies among the chromosomes is uneven, for example,
human chromosome 21 harbors the lowest number of the
repeats [4, 5]. Similar organization is found in other

species, including mice [6]. The number of chromosomes
that harbor NORs varies between species. Due to their
highly repetitive nature, NORs remain poorly explored
and not annotated in the published mammalian genomes.
Current NGS analysis tools filter out repetitive
sequences. Therefore, rDNA clusters are largely excluded
from epigenetic analysis in the ChIP-seq (chromatin
immunoprecipitation followed by sequencing) or methy-
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lated-DNA-seq studies, obscuring their potential role in
organism development and disease.

rDNA repeats in each cluster are oriented in one
direction, for example, in human genome, on all five
chromosomes (figure, a) they are transcribed towards the
centromere. Such telomere-to-centromere transcription-
al organization of rDNA is unlikely to be functional
because in the species close to human, chimpanzee,
rDNA is oriented in the opposite direction towards
telomere [3]. Presumably, such unidirectionality of rDNA
reflects ongoing recombination between the rDNA clus-
ters that maintains uniformity of their orientation. Yet,
not all rDNA repeats in the clusters are oriented in the
same direction (head-to-tail, telomere-to-centromere) as
revealed by the fluorescent in situ hybridization (FISH)
analysis of single DNA molecules that detected a sub-
stantial fraction (up to 30%) of human rDNA repeats in
non-canonical orientation (palindromes) [7]. Mutations
in the WRN gene (Werner’s syndrome), member of the
RecQ helicase family that cause accelerated aging,
markedly increase the fraction of re-oriented rDNA
repeats (up to 50%) compared to the healthy siblings and
age-matched controls.

rDNA is one of the most unstable regions in the
genome due to recombination between the repeats lead-
ing to dynamic changes in the number of rDNA copies
per genome, as demonstrated in yeast [8]. While similar
changes in the rDNA were not described in mammalian
cells, wide variation in the number rDNA copies per
genome between individual animals of the same species
and extensive recombination between repeats within
rDNA clusters [7] indicate that these genomic regions in
mammals are also prone to dynamic re-arrangements.

Transcribed region of the rDNA (grey box in
figure, b) encodes three rRNA species 18S, 5.8S, and
28S, and external (5'-ETS, 3’-ETS) and internal (ITSI,
ITS2) transcribed sequences. Non-transcribed part of the
rDNA unit is called Intergenic Spacer (IGS) (figure, b).
It contains several relatively conserved regions, such as
Pol I core promoter (CP in figure, b) and terminator (T,_
1 in human), while other sequences are highly divergent
between the mammalian species. It has been found that
IGS encodes non-coding RNAs (ncRNAs) that play a
regulatory role in the rDNA transcription [9]. For exam-
ple, the ncRNA transcribed from the core promoter
induces rDNA silencing by recruitment of DMNT3b [10]
(see below). Analysis of the IGS regions encoding
ncRNA with confirmed regulatory function revealed high
levels of histone modifications associated with active
transcription [11].

rDNA EXPRESSION

rRNAs comprise about 80% of total cellular RNA.
To meet cellular need in ribosomes, production of rRNA
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during cell proliferation takes substantial part of all tran-
scriptional resources. In eukaryotes, rDNA is transcribed
by the specialized RNA polymerase I (Pol I) that is
believed to serve exclusively at this locus. Yet, Pol I is not
absolutely required for the synthesis of ribosomal RNA to
support cell growth as it has been demonstrated in yeast
strains, where TRNA synthesis was performed by Pol 11
from the rDNA constructs driven by the galactose-
inducible GAL7 promoter [12]. Pol I produces a 45S pre-
cursor transcript (35S in yeast), which is processed into
the mature 18S, 5.8S, and 28S (25S in yeast) rRNA
species. rRNA-encoding genes are highly evolutionary
conserved, yet inter- and intra-individual rDNA
nucleotide variations were found in human and mice [13].
Some of these pervasive rRNA sequence heterogeneities
were mapped to the functional centers of the ribosome.
Tissue-specific expression of some of the variant rRNA
alleles indicates that they have functional role in organ-
ism development and tissue function.

One of the main transcription factors linked to regu-
lation of the rRNA gene locus is upstream binding factor
(UBE figure, c¢). UBF belongs to the family of high
mobility group (HMG) proteins and has no other func-
tions elsewhere outside the Pol I transcription. UBF
binds to the rRNA gene promoter and expands through-
out the entire transcribed region [14], suggesting that
UBF binding contributes to the formation of the active
chromatin state at the gene [15, 16]. Along with UBF,
other transcription factors participate in regulation of
rDNA transcription (see [17] for a review), including
RRN3, that transmit external nutrient and other signals
to alter chromatin states at the gene [18, 19].

Only part of the rTDNA genes is transcribed in the
cell. The number of rDNA repeats transcribed in the cell
is determined by the external and internal signals (see
below) and is dependent on the levels of the UBF tran-
scription factor [16]. Untranscribed repeats could be
either inactive (poised for transcription) or silenced and
unavailable for transcription; these states utilize different
factors. In mammalian cells, silencing of  DNA is marked
by methylation of cytosines in CpG dinucleotides, 5-
methyl-cytosine (5mC), at the promoter, which inhibits
formation of Pol I transcription complex by preventing
recruitment of the transcription factor UBF [20].
Silenced state is established by the nucleolar remodeling
complex NoRC that includes TIPS (TTF-I interacting
protein 5) and SNF2H (also known as SMARCAY), a
member of the ISWI subfamily with ATPase activity that
is also involved in other complexes [21-23]. It is believed
that NoRC is tethered to rDNA promoter by the long
non-coding RNA transcribed from IGS bound to the
transcription termination factor TTF-1, which binds to
the DNA element T, within the promoter (figure, b) [24-
26]. NoRC recruits DNA methyltransferases (DNMTs)
and histone modification enzymes, such as PARPI
(ADP-ribosyltransferase) and HDACI (histone-deacety-
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lase), further promoting transcriptional repressive state
[21, 23, 27]. Along with the DNA methylation, rDNA
silencing in mammals is closely associated with high den-
sity of the repressive histone modifications such as di- or
trimethylation of histone H3 at lysine 9 (H3K9me2/3),
tri-methylation of lysine 27 (H3K27me3), and tri-methy-
lation of lysine 20 of histone H4 (H4K20me3). In con-
trast to the nucleosome-packed compact silenced chro-
matin, little or no nucleosomes are present in the active
copies of rDNA.

ROLE OF UNTRANSCRIBED rDNA REPEATS

Dividing cells maintain high rates of rRNA transcrip-
tion to produce ribosomes in sufficient amounts, which
may explain why mammals have many rDNA copies per
genome. However, even in the fast-growing cells only a
fraction of rDNA repeats is transcribed, while remaining
repeats are silenced. The transcriptionally silent and active
rDNA regions are located close to each other on the chro-
mosomes (figure, a) [5] indicating that they can switch
between the states individually rather than switching of the
entire cluster. These observations raise a question why
cells always keep substantial fraction of rDNA repeats in
the silenced state that is not used to produce rRNA. In
yeast, for example, the rDNA copy number per cell varies
dynamically and the unused gene copies could be easily
lost over time, however the silenced rDNA copies are
faithfully maintained indicating that they serve an impor-
tant function. To address this issue, yeast strains were con-
structed to have different amounts of rDNA repeats per
genome. While the cells with reduced rDNA copy number
(25 copies) grew with the same pace as the controls (150
copies), they became sensitive to the DNA damaging
agents such as methyl methanesulfonate (MMS) and
ultraviolet light (UV). Sensitivity to these agents was
inversely correlated with the number of rDNA
repeats [28]. Authors suggested that the inactive rDNA
units provide space/storage for the DNA damage response
enzymes (a “footing place”) needed to repair the damage.
In support of this notion, inactive rTDNA units are associ-
ated with the condensin protein complex that connects
sister-chromatids to facilitate repair by homologous
recombination. In the strain with low number of rDNA
repeats, which are all occupied by the transcription
machinery, condensin cannot access rDNA and any dam-
age that might occur cannot not be swiftly repaired. In
mammalian cells, the silenced rDNA copies are believed
to play a similar role in the maintenance of genomic sta-
bility [29]. For example, common to malignancy DNA
aberrations in some cancers are associated with the reduc-
tion of rDNA copy number [30, 31]. Thus, it is plausible
that the inactive repeats serve to provide storage space for
the repair machineries in eukaryotes from yeast to human.
Still, it is not entirely clear why would such DNA-repair
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complexes stay bound to the apparently undamaged
silenced rDNA copies. As an alternative explanation, one
can suggest that the rDNA silencing is a transient state
caused by the transcription-induced DNA dam-
age [32, 33], i.e., intense transcription introduces torsion
stress that increases probability of the double stranded
breaks, which block transcription. Furthermore, the natu-
rally abundant DNA modifications like 5-hydroxymethyl
cytosine (ShmC), exacerbate the torsion stress-induced
transcription block [34]. Such block needs time to be
resolved by topoisomerases and nucleotide excision repair
enzymes. From this point of view, transcription causes
damage in the DNA, which shifts it to the silenced state
for repair. Like in farming, where crop fields are left
unplanted (fallow) for a cycle or two to let them recover,
silencing of rDNA copies might be needed for DNA
recovery after a burst of intense transcription.

In addition to the proposed role in safeguarding
genome stability, silenced rDNA copies may also regulate
expression of other genes, either directly or indirectly. In
Drosophila, it has been shown that the deletions within
the rDNA cluster on Y chromosome, that reduced the
rDNA copy number, altered expression of the unlinked
genes elsewhere in the genome as a result of global loss of
heterochromatic component of the genome, similar to
the effect of mutations in the known heterochromatin
factors [35]. Importantly, these observations exclude a
simple “heterochromatic sink” model, where rDNA acts
as a storage for heterochromatin factors, and rDNA dele-
tions release such factors and thus enhance heterochro-
matin formation elsewhere in the genome. As rDNA
deletions did not alter translational capacity of the
cell [35], the authors suggested that the nucleolus struc-
ture (its size, presence of silenced rDNA repeats, etc.),
rather than rRNA production, was important in hete-
rochromatin regulation. As a possible scenario of how
rDNA can help heterochromatin formation at other loci,
it has been shown that the inactive X chromosome in the
female mice (Xi) physically binds to nucleolus during the
cell cycle, whereas prevention of such interaction results
in Xi reactivation [36]. In the suggested model, rDNA
heterochromatic regions directly contact with Xi to main-
tain silenced state of the chromosome. Genes located on
autosomes (other than sex chromosomes) can be similar-
ly targeted by rDNA. In embryonic stem cell model sys-
tem, heterochromatin formation at rDNA genes triggered
chromatin changes at different genomic regions associat-
ed with the genes involved in differentiation and loss of
pluripotency [26, 37]. This notion of physical/functional
interaction between rDNA and other genes is further sup-
ported by the Hi-C analysis (a method for analyzing con-
tacts between the distant DNA regions) of TDNA contacts
with other genomic loci [38]. This study revealed thou-
sands of contacts of rDNA with the nearby rDNA-associ-
ated regions and genes located on all chromosomes.
Analysis of the rDNA contacts in different cell lines
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uncovered conserved and cell line-specific features. All
these data support the idea that rDNA can be directly
involved in regulation of multiple genes.

ASSOCIATION BETWEEN rDNA AND DISEASES

Human diseases like cancer and diabetes are com-
plex pathologies that involve changes in gene expression,
metabolism, and physiology. Being the most abundant
molecules in a cell, ribosomes and their production
inevitably have an impact on origins and progression of
many diseases via mechanisms discussed above. First,
rDNA transcription and ribosomal biogenesis take up to
70% of cellular resources [39], making it the biggest play-
er in the control of energy and nutrient utilization bal-
ance in the cell, an issue central for metabolic diseases
such as obesity and diabetes. Second, number of the
silenced rDNA copies per cell is important for genomic
integrity, and rDNA-dependent loss of genomic stability
may lead to cancer and aging. Third, through direct and
indirect mechanisms rDNA can alter expression of the
disease-related genes. Below we discuss the data that sup-
port the link between rDNA and human diseases.

Chronic diseases. Risk of chronic diseases can be
increased by adverse environmental exposures during the
early stages of organism development [40]. One of the
most famous observations that supported this notion was
the Dutch Famine Study [41]. In the fall of 1944, as a
reprisal to a railway strike, Germans temporarily banned
all food transport resulting in supply collapse and famine
during the following winter-spring. Adults had only 400-
800 calories per day during that period (two-three times
lower than before and after). People who had been
exposed to famine in utero were compared to the unex-
posed people that were born before and after the famine
in the same country. The exposed newborn babies had
smaller birth weight, and when examined ~50 years later
they had reduced glucose tolerance, increased body mass
index, and higher risk of cardio-vascular diseases.
Findings based on examination of human cohorts and
similar studies conducted in animal models became a
foundation for the “Developmental Origins of Health and
Disease” (DOHaD) concept [42] stating that the risks of
adult chronic diseases are pre-programmed early in life.
Search for molecular mechanisms that link fetal expo-
sures to adult diseases revealed no genes or epigenetic
alterations that were common to different experimental
models or animal species. What seems to be universal is
that the adverse exposures are associated with global
downregulation of gene expression (due to nutrient/oxy-
gen deprivation). These changes were so strong that were
detectable as a decrease in fetal cellular RNA content.
This phenomenon was observed across different animal
models including maternal malnutrition in pigs and mice,
and placental insufficiency in sheep [43, 44]. These
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observations identified rDNA, which produces ~80% of
cellular RNA, as one of the putative downregulated
genes. In fact, rDNA was hypermethylated in the fetal tis-
sues during malnutrition, a sign of transcription silencing.
Importantly, the altered rDNA methylation states
(hypomethylation) persisted in adulthood [44, 45]. These
studies identified rDNA as a candidate target of fetal pro-
graming of predisposition to adult chronic diseases that is
common to different animal species. While mechanisms
linking rDNA hypomethylation to chronic diseases were
not explored, it suggests that the rates of rDNA transcrip-
tion were constitutively elevated in these animals with the
consequences discussed above (i.e., changes in the bal-
ance of energy consumption, and genome destabiliza-
tion).

A link between the rDNA transcription and obesity
was described in the mouse model of high-fat diet
induced obesity [46]. It has been found that the recruit-
ment of nucleolar transcription repressor NML to rDNA
in the obese mice is increased compared to the controls.
To explore relationship between the obesity and rDNA
transcription, NML gene was deleted. As expected, the
NML-knockout mice had higher rDNA expression levels
and reduced cellular ATP concentration. Furthermore,
fat accumulation in the mutant animals was significantly
lower than in the wild-type mice. Authors suggested that
the NLM-mediated repression of rDNA transcription
releases energy that result in the increase of fat accumu-
lation. These findings support a link between the rates of
rDNA expression and obesity mediated by alterations in
cellular energy balance. It would be interesting to test the
NML knockout animals for their risks of chronic diseases
in the above models of maternal malnutrition.

Cancer. rDNA alterations can be detected in many
cancers manifested as changes in nucleolar morphology
and upregulation in rRNA transcription and ribosome
biogenesis [47-49]. Size and/or number of nucleoli are
increased in the tumor cells serving as an indicator of the
rates of cell proliferation, a feature used as a diagnostic
marker for some cancers [50]. No doubt that rDNA tran-
scription and ribosome biogenesis are on the list of poten-
tial therapeutic targets in cancer [51, 52].

As mentioned above, rDNA is mostly excluded from
the genome-wide epigenetic studies due to its repetitive
nature. Therefore, relatively little is known about epige-
netic changes at rDNA that are specific to cancer.
Nonetheless, consistent with the changes in rDNA
expression, rDNA methylation patterns are also altered in
the malignant cells. However, the observed changes are
not always consistent, and upregulation of rRNA expres-
sion in some tumors is associated with rDNA promoter
hypomethylation [53], whereas in other tumors there is
no such association [54], i.e., promoter of the over-
expressed rDNA is not hypomethylated.

DNA aberrations, including point mutations and
small/large scale chromosomal re-arrangements, drive
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tumor pathogenesis. In agreement with the suggested role
of rDNA in maintaining genome stability, in some can-
cers rDNA copy number is reduced [30, 31], which is
associated with accumulation of the genomic DNA
abnormalities. The casual link between these events has
not been shown yet.

Aging. Aging is defined as a gradual loss of organ
functions and increasing probability of death with age.
Aging is one of the key risk factors for chronic diseases
and cancer. For example, the median patient age at the
time of cancer diagnosis is 66 (National Cancer
Institute). Not surprisingly, many laboratories tried to
find a role of rDNA in aging as well. In 1970s the Strehler
lab discovered the loss of ribosomal RNA gene copies in
the post-mitotic animal tissues during aging [55].
However, these observations have never been replicated in
other laboratories. In 1990s, the Guarente lab described
accumulation of the extra-chromosomal rDNA circles as
a primary cause of aging in yeast [56], which revived
interest to rDNA in this field. Since then, however, no
extrachromosomal rDNA circles have been found in
other species.

More recent studies indicate that after all there
might be a role for rDNA in aging of species other than
yeast. First, IDNA methylation gradually changes with
age, and it can be used as a tool to estimate age of a DNA
sample, in animals and human [57]. Although exciting
and useful as an “aging clock”, the observed changes in
rDNA methylation might a consequence rather than the
cause of aging processes. Second, studies in C. elegance
revealed that all major pathways that increase lifespan
(including caloric restriction and mutations in the factors
mediating signal transduction from nutrients to the
nucleus) inhibit nucleolar function [58]. It has been
found that the nucleolar size is inversely correlated with
longevity, i.e., animals that have smaller nucleoli at young
age live longer than those with larger nucleoli. All previ-
ously described mutations that prolong lifespan in C. ele-
gance, including eat-2, daf-2, glp-1, isp-1 and TOR
knockdown, decreased the nucleoli size and reduced
rRNA/ribosome production. Importantly, mutations in
one of the major functional nucleolar components fibril-
larin (FIB-1, a methyltransferase involved in pre-rRNA
processing and modification), decreased nucleolar size
and increased lifespan. Smaller nucleoli were also associ-
ated with longevity in other organisms, including
Drosophila, mice, and humans [58]. Interestingly, the
elderly human volunteers who had reduced caloric intake
and performed moderate physical exercises demonstrated
smaller nucleoli than the age-matched controls who had
no dietary restrictions and did not exercise. Third, muta-
tions that cause accelerated aging in human,
Hutchinson—Gilford Progeria syndrome (HGPS), have
also been found to dysregulate rDNA [59]. The rDNA
promoter in the HGPS cells was hypomethylated, the
nucleoli were enlarged and produced more pre-rRNA
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resulting in higher levels of mature 28S and 18S rRNA
species per cell, which was also associated with elevated
translation. All these observations suggest that the rate of
rDNA expression might be involved in modulation of the
aging pace, and that unlike in yeasts, there are no rDNA
mutations/re-arrangements in mammals that accumulate
with time and drive aging processes. Faster rDNA expres-
sion contributes to accelerated aging, and to live longer
and healthier life one might need to keep slower rDNA
expression and translation rates.

CONCLUSIONS

Multiple studies provide evidence that rDNA may
have functions beyond its canonic role in production of
rRNA. These non-canonical functions include mainte-
nance of genome stability and regulation of expression of
the unlinked genes through direct physical contacts. Does
it mean that in eukaryotes rDNA gained additional func-
tions that are not present in bacteria? No, there is no need
to suggest that the new cellular functions were acquired
by rDNA during evolutionary transition to eukaryotes.
One important change that was associated with such tran-
sition was the gain of histones and other chromatin pro-
teins that structured DNA (which made it easier to han-
dle longer DNA molecules in a small volume). As a result,
Pol I encountered more challenging topological barriers
during transcription, which increased probability of the
DNA damage (breaks). It is plausible that after a burst of
intense Pol I-mediated transcription, the damaged rDNA
attracts the DNA-damage response factors for repairs
that temporarily keep this gene silenced, like farrow fields
in farming practice. As silenced chromatin regions tend
to clump together, large untranscribed rDNA domains
aggregate with other silenced genomic regions and there-
fore regulate expression (maintain silenced state) of asso-
ciated genes. In this model, nutrition accelerates rDNA
transcription and thus decreases the time available for the
repair of damaged gene copies, causing accumulation of
mutations. Associated reduction of the size of the
silenced rDNA domain causes derepression of the genes
that rely on perinucleolar silenced chromatin to maintain
their repressed state. Accumulated DNA mutations and
dysregulation of gene expression may contribute to the
onset and pathogenesis of human diseases and accelerate
aging. Hopefully, most of such rDNA changes are driven
by epigenetic mechanisms, that are reversible and can be
targeted by the designed small molecule drugs to cure dis-
eases and slow down aging.
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