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Nuclear genomes of mammals contain several hundred
genes that encode ribosomal RNA (rRNA), whereas
other species, including most plants, can have several
thousand copies of rRNA genes1–3. These rRNA genes
are arranged in tandem arrays in clusters, known as
NUCLEOLUS ORGANIZER REGIONS (NORs)4–7 that are located
on one or several chromosomes. When transcribed by
RNA POLYMERASE I (Pol I)8–12, the synthesis and processing
of rRNAs results in the formation of the nucleolus, the
site of ribosome biogenesis. So, rRNA gene transcrip-
tion provides a striking link between specialized tran-
scription and nuclear compartmentalization.

The amount of rRNA gene transcription in a cell
depends on the demand for ribosomes to manufacture
proteins. In actively growing cells, rRNA synthesis
accounts for most transcriptional activity. In non-growing
cells,however, rRNA gene transcription is greatly reduced.
It stands to reason that the cell could modulate rRNA syn-
thesis by controlling the number of transcripts that are
made from each gene.Alternatively, as there are hundreds
of rRNA genes, another strategy would be to turn subsets
of the rRNA gene pool either ‘on’or ‘off ’when required.
Electron-microscopic  studies have revealed rRNA genes
that are loaded with Pol I molecules and pre-rRNA tran-
scripts that are adjacent to genes devoid of transcripts,
indicating that not all rRNA genes are active15–17.
Consistent with these observations, chicken cells that are
either di-, tri- or tetrasomic  for the NOR-bearing chro-
mosome display the same level of rRNA transcription

regardless of the rRNA gene copy number18,19. Similarly,
maize inbred lines with rRNA gene numbers that range
between 2,500 and 24,000 copies do not display any obvi-
ous differences in growth2,3,20. Considering all of the evi-
dence, it can be concluded that only a subpopulation of
rRNA genes is active at any given time.

Further evidence that even in metabolically active
cells only a subset of the rRNA genes is transcribed
comes from the study of nucleolar dominance. This
phenomenon is seen in many genetic hybrids — the
rRNA genes inherited from one parent are transcribed
and assemble nucleoli, whereas the rRNA genes of the
other parent are inactive4,21–23 (FIG. 1). Silencing in such
hybrids is restricted to the rRNA genes and does not
spread to, or from, adjacent protein-encoding genes24.
The alternative expression state of parental rRNA genes
is heritable, and therefore nucleolar dominance is a clas-
sic example of EPIGENETIC control of gene expression. As
yet, there is no explanation for how dominant and
repressed NORs are selected, but it is possible that
nucleolar dominance uses the same mechanisms that
control the ratio of active to silent rRNA genes in cells of
non-hybrids. Indeed, DNA methylation and post-trans-
lational modifications of histones are implicated in
both processes. This review focuses on how active rRNA
gene-transcription units are distinguished from inactive
ones, and which epigenetic mechanisms control, or
reinforce, the ratio of active to inactive rRNA genes
organized in chromatin.

EPIGENETIC SILENCING OF RNA
POLYMERASE I TRANSCRIPTION
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The genes that encode ribosomal RNA exist in two distinct types of chromatin — an ‘open’
conformation that is permissive to transcription and a ‘closed’ conformation that is
transcriptionally refractive. Recent studies have provided insights into the molecular mechanisms
that silence either entire nucleolus organizer regions (NORs) in genetic hybrids or individual rRNA
genes within a NOR. An emerging theme from these studies is that epigenetic mechanisms
operating at the level of DNA methylation and histone modifications alter the chromatin structure
and control the ratio of active and inactive rRNA genes.
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NUCLEOLUS ORGANIZER REGION 

(NOR). Cluster of genes, arrayed
head-to-tail, that encodes
precursor ribosomal RNAs. A
NOR includes active rRNA
genes, which give rise to
secondary constrictions of
metaphase chromosomes, and
silent rRNA genes, which are
compacted in heterochromatin.

RNA POLYMERASE I

(Pol I). One of three classes of
eukaryotic nuclear DNA-
dependent RNA polymerases that
is located in the nucleolus and is
responsible for the synthesis of
precursor ribosomal RNA 
(pre-rRNA), which, in
vertebrates, is processed into 28S,
5.8S and 18S rRNAs.
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distributed within yeast NORs17,29, which argues against a
coordinated ‘switching on’or ‘switching off’of large gene
clusters. Consistent with this, psoralen crosslinking stud-
ies in yeast have shown that active rRNA gene copies are
not clustered but are randomly distributed within the
NOR. Moreover, results from the analysis of single, tagged
transcription units integrated into the tandem rRNA
gene array are not consistent with the presence of stable
epigenetic marks that impart a ‘memory’on certain tran-
scription units29. Instead, all rRNA genes have the same
probability of being potentially active or silent. These
results, however, do not exclude the possibility that active
and inactive rRNA gene copies,even though randomly dis-
tributed throughout the locus, associate with other active
or inactive genes to form three-dimensional,higher-order
structures that resemble EUCHROMATIN or HETEROCHROMATIN.
Furthermore, the coordinated silencing of whole NORs in
nucleolar dominance indicates that there are regulatory
mechanisms that act on a scale much larger than single
rRNA genes. However, the nature of such putative large-
scale NOR regulatory mechanisms are not yet known.

Transcriptional activity and chromatin organization.
The active state of a gene is transiently erased at replica-
tion, so therefore the subset of active and silent rRNA
gene copies must be re-established after each round of
replication31,32. Although it is not known how yeast cells
select the ribosomal genes to be active or inactive, it is
likely that the occurrence of the open chromatin struc-
ture on the coding region requires actively transcribing
Pol I molecules. In a yeast strain that lacked the gene for
the second-largest subunit of Pol I, the rRNA coding
region was in a nucleosomal conformation in which
only the 5′ region of the rRNA genes was accessible to
psoralen29. It is therefore reasonable to propose that dis-
ruption of the chromatin structure at active genes is
mediated by Pol I molecules as they advance through
the rRNA gene template. This is supported by studies of
Physarum polycephalum, which showed that, in silent
rRNA gene repeats, the entire transcription unit is pack-
aged in compact nucleosomal cores, whereas in tran-
scribed genes the chromatin structure is extended33.
Significantly, all four core histones remain associated
with the transcribed regions in approximately equimo-
lar ratios. However, in contrast to nucleosomes associ-
ated with the intergenic spacer or silent rRNA gene
copies, the nucleosomes in the transcribed region are
unfolded, consisting of two roughly spherical bodies
connected by a 50-base-pair nucleoprotein bridge. It is
still not understood why the process of transcription
leads to unfolding of nucleosomes on Pol I-transcribed
genes, whereas passage of RNA polymerase II (Pol II)
only  causes a transient loss of one H2A/H2B dimer34.

Growth-dependent regulation of rRNA gene activity.
Analysis of psoralen accessibility of rRNA genes in
growing and stationary-phase yeast cultures has pro-
vided insight into the relationship between chromatin
organization and growth-regulated rRNA gene activity.
The percentage of open, psoralen-accessible genes is
reduced as cells enter stationary phase28,35. This could be

rRNA gene regulation and chromatin structure
Studies of nucleolar dominance provided early evidence
that chromatin structure is related to rRNA gene activity.
In both Xenopus and plant hybrids, the rRNA genes at
active NORs have been shown to be more accessible to
DNase I digestion than the genes at inactive NORs, which
indicates that changes in the chromatin organization cor-
respond to changes in transcriptional activity25,26.
Complementary insights have come from studies that
measured the susceptibility of rRNA genes to the
DNA crosslinking agent psoralen (see BOX 1). In vivo pso-
ralen crosslinking assays have shown that two classes of
rRNA genes coexist in growing cells27–29. One class is free
of regularly spaced nucleosomes, is accessible to psoralen
and associated with nascent rRNA transcripts27. The
other class is inaccessible to psoralen, displays regularly
spaced nucleosomes and corresponds to the inactive gene
copies. Notably, even in exponentially growing cells that
synthesize high levels of pre-rRNA, only a fraction of the
available rRNA genes are accessible to psoralen27,28. This is
unlikely to be due to a shortage of Pol I or essential tran-
scription factors, because electron-microscopic studies
have shown that Pol I density is high on all transcription-
ally active genes30. So, in exponentially growing cells, the
initiation-competent Pol I seems to be present in excess
compared with the number of rRNA genes, indicating
that rRNA synthesis is regulated by changing the number
of active genes.

Organization and regulation of rRNA genes. One might
expect that active or inactive genes would be grouped
within an NOR, thereby taking advantage of the tandem
arrangement of rRNA genes. However, active and inactive
genes have been found to be intermingled and randomly

Figure 1 | Nucleolar dominance. In genetic hybrids it is often the case that the rRNA genes from
one parent (species A) are transcribed, and as a result assemble a nucleolus, but the rRNA genes
inherited from the other parent are repressed (species B). This reversible, epigenetic phenomenon
occurs in diverse eukaryotes and is known as nucleolar dominance. Although the mechanisms
that initially discriminate the parental sets of rRNA genes are unclear, silencing is known to involve
covalent modifications of both DNA and associated histones. Chemicals or genetic mutations that
inhibit DNA methylation or histone deacetylation can de-repress the silent set of rRNA genes. 
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EPIGENETIC

Any heritable change in gene
expression that is not caused by
a change in DNA sequence.
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Chromosome region that does
not stain intensely with DNA-
binding dyes due to the fact that
the chromatin is relatively
uncondensed. Transcriptionally
active genes are typically located
within euchromatic regions of
the genome.

HETEROCHROMATIN

A densely staining, highly
condensed form of chromatin
that generally corresponds to
transcriptionally inactive regions
of the genome.
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transcription-initiation-complex formation is impaired38.
However, it should be noted that Rrn3/TIF-1A links
rRNA synthesis to cell growth and proliferation, and this
regulation is not involved in heritable silencing.

The ‘binary unit’ model, which implies that in
Saccharomyces cerevisiae each rRNA gene is either ‘on’ or
‘off ’ and that each active gene produces rRNA at
approximately the same rate, has recently been chal-
lenged. A comparison of a yeast strain that contains the
typical ~140 rRNA genes and one that has only 42
rRNA genes, revealed that all rRNA genes in the 42-copy
strain are active and are loaded with ~100 RNA poly-
merase molecules per gene on average17. In the ~140-
copy control strain, however, a lower Pol I density (on
average, ~50 RNA polymerases per gene) was observed.
The fact that the total number of RNA polymerases
engaged in transcription is similar in both strains,
shows that the overall initiation rate, and not the num-
ber of active genes, determines the level of rRNA tran-
scription in exponentially growing yeast. So, it can be
concluded that yeast regulates rRNA synthesis at two
levels: first, by varying the ratio of active and silent
rRNA gene copies, and second, by modulating the initi-
ation frequency from active rRNA genes.

The findings in mammals are generally consistent
with those in yeast, but there are differences. As in yeast,
approximately half of all mammalian rRNA genes are in
an open, psoralen-accessible conformation that is charac-
teristic of active genes27. However, up- or downregulation
of Pol I transcription in response to growth signals occurs
in mammals without corresponding changes in psoralen
accessibility27, which shows that the regulation of mam-
malian Pol I transcription in response to external signals
occurs at transcriptionally competent gene copies.Also,
the ratio of psoralen-accessible to -inaccessible rRNA
genes in mammals is stably propagated throughout the
cell cycle and is independent of cellular rRNA synthetic
activity. So, short-term Pol I transcription regulation in
higher eukaryotes does not occur through ‘opening’ or
‘closing’of ribosomal genes. Instead, fine-tuning of Pol I
transcription is achieved by changing the frequency of
transcription initiation, presumably on genes in the open
conformation. It is not known whether the fixed ratio of
psoralen-accessible to -inaccessible genes is a result of the
inheritance of specific epigenetic marks transmitted from
mother to daughter cells.Although this does not seem to
be the case in yeast, it is possible that in mammals certain
chromatin modifications, such as cytosine or histone
methylation, are used to clonally propagate the active or
inactive state of the rRNA gene cluster.

rRNA gene silencing through DNA methylation
DNA methylation at CpG RESIDUES is a well-documented
method of gene silencing in many eukaryotes39,40. Yet,
until recently, the role of cytosine methylation in rRNA
gene regulation has been unclear. For example, the loss
of methylation within the enhancer region upstream of
the rRNA gene promoter accompanied the onset of
transcription during embryonic development of
Xenopus laevis, which indicates an inverse correlation
between enhancer methylation and transcriptional

interpreted as evidence that yeast modulates rRNA syn-
thesis by controlling the ratio of open to closed rRNA
gene copies, and that rRNA gene regulation occurs
mainly at the level of chromatin structure. However, as
the open chromatin state seems to be a result of tran-
scription, the decrease in psoralen accessibility might be
the consequence, rather than the cause, of transcription
inhibition. Biochemical studies have indicated that a key
player in the downregulation of rRNA transcription dur-
ing stationary phase is the basal transcription factor Rrn3,
a yeast protein, the mammalian homologue of which is
the transcription initiation factor TIF-IA36. Like TIF-1A,
Rrn3 is thought to have a central role in the growth-
dependent regulation of rRNA gene transcription. Rrn3
functions by directly binding to Pol I, thereby rendering
Pol I competent for initiation. In vitro, the Rrn3–Pol I
complex is required for PRE-INITIATION-COMPLEX formation,
at least partly by bridging Pol I to the core factor (CF)
that is bound to the rRNA gene promoter37. In extracts
of stationary cells, Rrn3 is dissociated from Pol I and

PRE-INITIATION COMPLEX 

The full set of transcription
factors and RNA polymerase
subunits correctly assembled on
the gene promoter such that
transcription can take place if
nucleotide triphosphates are
provided.

CpG RESIDUE

DNA methylation in
mammalian cells occurs at the
5′-position of cytosine within
CpG dinucleotides. By
convention, the phosphate
forming the phosphodiester
bond between the cytosine and
guanosine residues is included.

Box 1 | Psoralen crosslinking

Psoralen is a three-ringed furocoumarin that is produced in the plant genus Psoralea. The
compound can intercalate between the two strands of duplex DNA and, following
exposure to long-wavelength ultraviolet (UV) light (for example, 366 nm), it reacts with
thymidines to form covalent interstrand crosslinks. If the DNA is then purified, cut with a
restriction endonuclease (denoted by ‘R’ in the figure) and subjected to electrophoresis,
psoralen-crosslinked DNA migrates more slowly than unmodified DNA. Subsequent
DNA blotting and hybridization with a probe specific for a particular gene fragment
allows a quantitative estimate of the proportion of psoralen-accessible and -inaccessible
genes. This technique has been used extensively in yeast, and to a lesser degree in other
species, to estimate the proportion of transcriptionally active to inactive rRNA genes.
Nascent precursor ribosomal RNA (green lines) has been shown to be associated with the
subset of psoralen-accessible genes, indicating that the slow-migrating band corresponds
to active genes. The orange boxes mark terminator elements upstream (T

0
) and

downstream (T
1–10

) of the transcribed region. The dark-blue ellipses indicate the
nucleosomal chromatin structure of the intergenic spacer (IGS) and the more compact,
heterochromatic conformation of silent rRNA genes.
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correlation between the ratio of active and inactive versus
unmethylated and methylated rRNA gene copies44. DNA
methylation has been shown to repress mouse Pol I tran-
scription on chromatin, but not naked DNA templates,
which indicates a mechanistic link between DNA methy-
lation and chromatin-mediated processes48. Significantly,
methylation of a single CpG within the upstream pro-
moter domain at position –133, relative to the transcrip-
tion start site (+1), was sufficient for transcriptional
repression. Methylation of cytosine –133  impaired bind-
ing of the basal transcription factor UBF (upstream
binding factor) to nucleosomal template DNA (see FIG. 2).
Binding of UBF to naked DNA, however, was not
affected by methylation48. These results indicate that
transcriptional silencing in mammals can be mediated,
or reinforced, through effects of DNA methylation on
essential protein–DNA interactions that are needed for
transcription-initiation-complex formation.

activity41. However, fully methylated rRNA genes iso-
lated from sperm and unmethylated cloned rRNA genes
had indistinguishable transcriptional activities after
injection into frog oocytes42. In cereal hybrids that dis-
play nucleolar dominance, changes in chromatin acces-
sibility correlated with changes in the level of cytosine
methylation, as inactive genes were more highly methy-
lated than active genes43,44. However, in Xenopus hybrids,
an analogous correlation between rRNA gene methyla-
tion level and nucleolar dominance was not found25. So,
a definitive role for cytosine methylation in rRNA gene
transcription remained ambiguous.

Evidence that cytosine methylation can affect rRNA
gene transcription stemmed initially from the observa-
tion that silenced rRNA genes that were subjected to
nucleolar dominance can be de-repressed by treatment
with 5-aza-2′-deoxycytosine, an inhibitor of cytosine
methylation45–47. In mouse cells, there is an intriguing

Figure 2 | DNA methylation impairs binding of upstream
binding factor (UBF) to nucleosomal rRNA genes.
a | Binding of transcription termination factor TTF-I and UBF to
unmethylated nucleosomal rRNA genes allows transcription
initiation. b | Methylation of the cytosine at position –133
impairs binding of UBF to nucleosomal rRNA genes, thereby
preventing transcription-initiation-complex formation. Mutation
of the cytosine at position –133 abolishes methylation-
dependent transcriptional repression on nucleosomal
templates. c | This part of the ribosomal transcription unit
comprises the mouse rRNA gene promoter and the
approximate position of the upstream terminator T0, the
upstream control element (UCE) and the core element (CORE)
relative to the transcription initiation site (arrow), and the three
CpG residues (at –143, –133 and +8).
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Box 2 | Protein complexes that modify chromatin

Chromatin-remodelling complexes
Three classes of ATP-dependent chromatin-remodelling proteins are present in mammalian cells. They all use the energy
of ATP hydrolysis to alter histone–DNA contacts and/or nucleosome positioning, thereby making chromatin accessible
to other proteins, such as transcription factors.

Histone-modifying enzymes
Core histones can be modified by acetylation, phosphorylation, methylation and ubiquitylation, and the pattern of
specific histone modifications determines gene activity50,51. The amino-terminal tails of the core histones are hot spots
for post-translational modifications. Several transcription co-activators, such as p300/CBP, PCAF, GCN5, ATCR, TAF1
and the p160 nuclear receptor family, have intrinsic histone acetyltransferase (HAT) activity. Highly acetylated histones
are found in euchromatic regions, whereas deacetylated histones are found in heterochromatic regions. Deacetylation is
mediated by histone deacetylases (HDACs). HDACs have been identified as regulatory components of co-repressor
complexes, such as SIN and NURD87. Several classes of histone methyltransferases have been identified. The nuclear
receptor co-activator-associated protein CARM1 is a histone H3-specific arginine methyltransferase, and the
mammalian homologues of the Drosophila melanogaster heterochromatin protein Su(var)3-9 are histone H3-specific
lysine methyltransferases. Methylation of specific amino acids can be correlated with either euchromatin or
heterochromatin formation. For example, in multicellular eukaryotes, methylation of histone H3-Lys4 is thought to be a
euchromatic mark, whereas methylated H3-Lys9 is a heterochromatic mark.

DNA cytosine methyltransferases
In mammalian cells, cytosine residues in CG motifs are frequently methylated. In plants, methylation at CG and CNG
(where N can be any nucleotide) motifs is most common, but methylation of cytosines occurs in essentially any
sequence context. Three DNA methyltransferases — DNMT1, DNMT3a and DNMT3b — have been identified in
mammals. DNMT1 is ubiquitously expressed and restores DNA-methylation patterns by methylating CpG residues at
hemimethylated DNA. The DNMT enzymes have an equal preference for hemi- and unmethylated DNA and are
implicated in de novo DNA methylation.
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With regard to rRNA genes, CHROMATIN IMMUNOPRECIPI-

TATION (ChIP) experiments have shown that the pro-
moters of active mouse rRNA genes are unmethylated
and associated with histones that are highly acetylated.
The opposite pattern is predominant with silent genes59.
In addition, silent genes are associated with methylated
H3-Lys9 and with HP1. So, active and inactive rRNA
genes are characterized both by their pattern of DNA
methylation and by specific modifications of their asso-
ciated histones, a finding that links the ‘histone code’ to
the ‘cytosine methylation code’ (FIG. 3).

Interestingly, S. cerevisiae lacks both DNA methyla-
tion and H3-Lys9 methylation, which implies that the
link between histone and cytosine methylation is not a
universal mechanism for silencing rRNA gene tran-
scription. As there is a mutual relationship between
these two epigenetic marks in diverse organisms,
including Neurospora crassa and plants and mammals,
one might expect that the loss of either DNA methyla-
tion or H3-Lys9 methylation might render the other
modification ineffective, which might explain why bud-
ding yeast has neither function. However,
Schizosaccharomyces pombe and Drosophila make use of
H3-Lys9 methylation as a signal for binding of HP1
(Swi6 in S. pombe) and heterochromatin formation,
despite having little or no cytosine methylation60,61. This
shows that modifications other than DNA methylation
can specify regions where heterochromatin will form. It
is possible that a mechanism such as regional histone
deacetylation might be the causative event in establish-
ing heterochromatin formation in all eukaryotes, with
combinations of H3-Lys9 methylation, DNA methyla-
tion or heterochromatin protein binding acting down-
stream. Alternatively, budding yeast might have evolved
a unique way of regulating rRNA genes that are orga-
nized in chromatin. At present, there is no direct evi-
dence to support or refute these possibilities.

NoRC and rRNA gene silencing 
Initially, evidence for a functional link between cytosine
methylation and histone modification in gene silencing
came from the finding that silent rRNA genes, when
subjected to nucleolar dominance, were de-repressed by
chemical inhibitors of cytosine methylation or histone
deacetylation45. A combination of both inhibitors was
no more effective than either chemical alone, which
implies that DNA methylation and histone deacetyla-
tion act together in the same repression pathway. A
potential biochemical explanation for these findings is
represented by the nucleolar remodelling complex
NoRC59, an ATP-dependent chromatin remodelling
complex identified in mouse and human cells, which
interacts with both cytosine methyltransferases and HIS-

TONE DEACETYLASES (HDACs) and mediates rRNA gene
silencing in vivo.

NoRC was identified in studies aimed at understand-
ing the regulation of mouse rRNA genes assembled in
chromatin. In vertebrates, the rRNA gene promoter is
preceded by a terminator sequence, known as T

0 
in

mammals (or T3 in frogs), which is recognized by a
transcription termination factor, known as TTF-I in

Histone modifications and heterochromatin 
Gene silencing is often the result of the combined
effects of chromatin remodelling, DNA methylation
and specific histone modifications49 (see BOX 2).
Distinct histone modifications can generate synergis-
tic or antagonistic affinities for chromatin-associated
factors, which then can dictate the transitions
between transcriptionally active and silent chro-
matin states. This post-translational marking system,
known as the ‘histone code’, represents a fundamen-
tal regulatory mechanism that has an impact on
most, if not all, chromatin-mediated processes50,51.
Histone modifications include acetylation, methyla-
tion, phosphorylation and ubiquitylation. These
modifications, individually or in combination, result
in the assembly of different chromatin states, which
lead to either transcriptional activation or repres-
sion. So, the histone code allows chromosomal
regions to be epigenetically marked to show their
status as transcriptionally active or repressed portions
of the genome49–51.

A well-established aspect of the histone code is that
histones are acetylated on several lysines in active or
potentially active euchromatin, whereas silent hete-
rochromatin is usually methylated at lysine 9 of his-
tone H3 (H3-Lys9) by the histone methyltransferase
SUV39H in mammals or its homologue in other
species39,49,52. Deacetylation of specific lysines, particu-
larly H3-Lys9, is a prerequisite for Lys9 methylation
and subsequent recruitment of proteins, such as HETE-

ROCHROMATIN PROTEIN 1 (HP1), that are involved in hete-
rochromatin formation53–55. Methylation of DNA at
CpG residues and methylation of histone H3 are also
intimately linked. In Neurospora crassa and
Arabidopsis thaliana, mutations in a H3-Lys9 methyl-
transferase eliminate or reduce DNA methylation56,57,
which indicates that methylation of H3-Lys9 directs
DNA methylation. Intriguingly, some HISTONE METHYL-

TRANSFERASES contain predicted methylcytosine-binding
domains (MBDs), which indicates that DNA methyla-
tion can also direct histone methylation58. So, histone
methylation and DNA methylation are likely to be
mutually reinforcing, heritable epigenetic marks in
heterochromatin.

Figure 3 | Active and silent ribosomal genes are demarcated by their associated
proteins. Chromatin immunoprecipitation experiments have shown that active rRNA gene
promoters are associated with RNA polymerase I (Pol I), contain hyperacetylated histone H4 and
unmethylated histone H3 (H3-Lys9), and contain a HpaII site within the upstream control element
(UCE) that is unmethylated. By contrast, the promoter of silent rRNA genes is CpG methylated
and associated with the nucleolar remodelling complex (NoRC) and methylated H3-Lys9.
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(HP1). A non-histone
chromosomal protein first
identified in Drosophila but with
homologues in mammals and
plants. HP1 is implicated in
establishing and maintaining
higher-order chromatin
structures and in gene silencing.

HISTONE METHYLTRANSFERASE

Enzyme that transfers methyl
groups onto lysine or arginine
residues of histones. The enzyme
typically has a domain known as
the SET domain (an acronym
formed using the first letters for
the three founding members of
the family).

CHROMATIN

IMMUNOPRECIPITATION

(ChIP). A technique that isolates
specific gene sequences from
formaldehyde-fixed soluble
chromatin using antibodies that
recognize specific chromosomal
proteins.

HISTONE DEACETYLASE

Enzyme that removes acetyl
groups from lysines. Histone
deacetylation is typically
correlated with transcriptional
inactivity.
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(PHD), four AT-hooks, the TIP5/ARBP/MBD (TAM)
domain and the BROMODOMAIN. The bromodomain, a
sequence element that is present in many chromatin-
associated proteins and most histone acetyltransferases,
has been implicated as an acetyl-lysine recognition
module that anchors proteins to acetylated
nucleosomes73–75. This finding indicates a possible role
for the bromodomain in anchoring or stabilizing NoRC
on chromatin. In support of this, ChIP experiments
have shown that binding of NoRC to the rDNA pro-
moter requires the bromodomain of TIP5 (Y. Zhao and
I. G., unpublished observations).

The bromodomain and an adjacent PHD finger
form a cooperative unit that has been found in several
transcriptional co-repressors76. Consistent with a repres-
sor function, overexpression of TIP5 abrogated Pol I
transcription in vivo. Also, consistent with the idea that
the PHD FINGER and bromodomain form a repressive
functional unit, the carboxy-terminal region that har-
bours the PHD finger and the bromodomain was
required for transcriptional repression77. Recombinant
NoRC also caused ATP-dependent transcriptional repres-
sion on pre-assembled chromatin templates in vitro
(R. Strohner et al., unpublished observations). This indi-
cates that nucleosome remodelling has a central role in
rRNA gene silencing. Moreover, TIP5 interacts with the
DNA methyltransferases DNMT1 and DNMT3 and the
deacetylases HDAC1 and HDAC4 (REFS 59, 77). These
findings, together with the observation that silent genes
are methylated and have heterochromatic features, indi-
cate a key role for NoRC in the establishment or propa-
gation of rRNA gene silencing. It seems that NoRC
serves at least two functions: first, as a remodelling
complex that alters the nucleosome at the rRNA gene
promoter; second, as a scaffold that coordinates the
activities of macromolecular complexes that modify his-
tones, methylate DNA and establish a ‘closed’ hete-
rochromatic chromatin state.

Although the order of events that convert ‘open’ into
‘closed’ gene copies and the functional interrelationship
between chromatin remodelling, DNA methylation, his-
tone modification and transcriptional silencing are
largely unknown, one can envision a model for rRNA
gene silencing that is based on the functional crosstalk
between several NoRC-mediated functions, including
chromatin remodelling, HDAC and DNA methyltrans-
ferase activities, that lead to heterochromatin formation
and inhibition of UBF binding to the rRNA gene pro-
moter (FIG. 5). In this model, NoRC is recruited to the
promoter by interaction of TIP5 with the amino termi-
nal part of TTF-I and is anchored to acetylated histones
by its bromodomain. Transcriptional silencing is then
caused by a combination of several enzymatic activities
that remodel nucleosomes, deacetylate histones and
methylate DNA. It is conceivable that NoRC initiates the
multi-step process of rRNA gene silencing by placing a
nucleosome on the promoter in a position that is
incompatible with transcription-complex formation,
and the DNA methyltransferase and deacetylase activi-
ties recruited by NoRC act together to potentiate the
repressed state. Alternatively, NoRC might serve as a

mammals (or Rib2 in frogs)10,62. In vitro transcription
studies on chromatin templates showed that binding of
TTF-I to the terminator T

0 
mediates ATP-dependent

nucleosome remodelling, which correlates with the effi-
cient transcription initiation on otherwise repressed
nucleosomal rRNA gene templates63. This indicated that
TTF-I activates transcription by recruiting remodelling
factors that place nucleosomes at the promoter into a
position that allows transcription-factor binding and
initiation-complex formation64. Similarly, binding of
Reb1, the yeast homologue of TTF-I, to its cognate site
215-bp upstream of the transcription initiation site, has
been implicated in mediating alterations of chromatin
structure at the yeast rRNA gene promoter65.

A search for proteins that interact with TTF-I
revealed TIP5 (TTF-I interacting protein 5), a >200-
kDa nucleolar protein that shares several domains with
the largest subunits of human ATP-dependent chro-
matin-remodelling complexes ACF, WCRF, CHRAC
and WICH66–71 (FIG. 4). All four complexes contain the
ISWI/SNF2 ATPase, the catalytic core that acts together
with the respective large subunit. Similarly, TIP5 was
shown to be tightly associated with SNF2 in a complex,
termed NoRC72. As with other members of ISWI/SNF2-
containing remodelling machines, NoRC can induce
nucleosomal movement along a DNA fragment in an
ATP- and histone H4 tail-dependent fashion72. The
domain structure of TIP5 is complex, which makes it
difficult to unravel the key components of its function.
Conserved domains that are important for TIP5 func-
tion include the cysteine-rich plant homeodomain

Figure 4 | SNF2-containing chromatin-remodelling complexes. a | Mammalian ISWI/SNF2-
remodelling complexes. All family members contain SNF2, the mammalian homologue of the
Drosophila nucleosome-dependent ATPase ISWI. SNF2 is the primary ‘motor’ of the
nucleosome-remodelling machine, whereas the different subunits might target the complex to
specific genomic regions to trigger DNA replication, transcription activation or transcriptional
repression66–71. b | Modular organization and the location of sequence motifs in TIP5, WSTF and
ACF1 that have been associated with functions in chromatin structure and function. The coloured
boxes mark conserved sequence elements. TIP5, ACF1 and WSTF share six motif sequences: a
bromodomain, a plant homeodomain (PHD) finger89, a WSTF/ACF1/KIAA0314/ZK783.4 (WAKZ)
motif, a BAZ1 and a BAZ2 motif90, as well as an LH motif (a helical ~60-amino-acid domain that is
present in different transcription and chromosome remodelling factors)91. The WAC motif, a novel
protein domain of unknown function92, is present in ACF1 and WSTF but not in TIP5 (not shown).
Conversely, the TIP5/ARBP/MBD (TAM) domain and four AT-hooks (a motif that is known to
mediate binding to the minor groove in DNA)93 are present in TIP5, but not in ACF1 and WSTF.
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required nucleosomal substrates with intact histone H4
tails for both stimulation of ATPase activity and nucleo-
some movement72. We therefore postulate that an ATP-
dependent chromatin-remodelling complex, distinct
from NoRC, enables the euchromatin state and facili-
tates Pol I transcription. Candidate complexes that
have been identified include the SWI/SNF complex,
the Mi-2-related chromatin-remodelling complex, and
the Cockayne’s Syndrome B (CSB) protein81–83. We now
face a number of challenges. First, we need to under-
stand how proteins such as SNF2 or TTF-I are assem-
bled into multiple regulatory complexes. Second, we
need to elucidate how activating or repressing protein
complexes are targeted to a fraction of the ribosomal
genes. Third, we want to identify DNA- and histone-
modifying enzymes that are recruited to the rRNA gene

‘landing platform’ for histone modifiers and DNA
methyltransferase(s) that establish the ‘closed’ state of
chromatin. In this case, DNA methylation and the hete-
rochromatic histone code might facilitate nucleosome
remodelling or stabilize a specific nucleosome position.
Recent data have shown that the deacetylase inhibitor
trichostatin A alleviates NoRC-mediated transcriptional
repression77. Moreover, rRNA gene promoter methyla-
tion was abrogated if histone deacetylation was pre-
vented. Finally, overexpression of an ATPase-deficient
SNF2 mutant abolished TIP5-mediated transcriptional
repression (R. Santoro and I. G., unpublished observa-
tions). So, NoRC seems to coordinate several enzymatic
processes, including histone deacetylation and methyla-
tion, ATP-dependent chromatin remodelling and DNA
methylation to establish a closed chromatin structure
and block initiation complex formation.

Given the involvement of cytosine methylation and
histone deacetylation in uniparental rRNA gene silenc-
ing in hybrids, it is tempting to speculate that a NoRC-
like complex also has a role in nucleolar dominance. A
systematic effort to knock down expression of HDACs in
Arabidopsis has shown that at least one HDAC, a mem-
ber of the family that includes mammalian HDAC1 and
yeast Rpd3 (REF. 78), is required for maintaining the
silenced set of rRNA genes (R. J. Lawrence and C. S. P.,
unpublished observations). Further studies are needed
to determine whether this plant HDAC is associated with
a NoRC-like protein complex that can suppress Pol-I
transcription by alterations in histone acetylation and/or
DNA methylation. Although a NoRC-like complex has
not yet been described in yeast, recent evidence has
shown that there is a role for histone deacetylation in
converting individual rRNA genes from the open to the
closed chromatin state. In S. cerevisiae, Rpd3 is the
catalytic subunit of a multiprotein complex, RPD3,
that contains, among other proteins, Sin3 and Sap30
(REFS 79, 80). Sin3 is a co-repressor that targets the
RPD3 complex to specific promoters, which results in
transcriptional repression. In Rpd3-deficient cells, ~50%
of the rRNA genes remained psoralen-accessible during
stationary phase, whereas the number of ‘open’ genes
was markedly reduced as wild-type cells entered station-
ary phase35. However, at stationary phase, rRNA synthe-
sis decreased in both Rpd3-deficient and wild-type cells,
as shown by both RNA blot hybridization and electron-
microscopic visualization of template-engaged RNA
polymerase molecules. These data indicate that genes in
the open chromatin state are not necessarily active, and
that cessation of transcription and conversion to the
‘closed’chromatin conformation are distinct processes.

Establishing the ‘open’ state of rRNA genes 
Unfortunately, we still know little about the sequence of
events that establish the ‘open’ chromatin state of rRNA
genes and the enzymatic activities that facilitate Pol I
transcription in a chromatin context. One clue is that
TTF-I-dependent transcription activation on chro-
matin templates does not require any of the histone
tails, whereas NoRC — like other members of SNF2-
containing chromatin-remodelling machines —

Figure 5 | Model of NoRC-mediated rRNA gene silencing.
Transcription termination factor TTF-I is bound to the terminator
T0 of transcribed rRNA genes, and the tails of histone H4 are
acetylated (Ac). To establish the silent state, the nucleolar
remodelling complex (NoRC) is recruited to the rRNA gene
promoter by specific interaction between the amino-terminal
region of TTF-I and an internal region of TTF-I interacting protein
5 (TIP5) (not shown). In subsequent steps, histone deacetylase
1 (HDAC1) and DNA methyltransferase DNMT1 and/or
DNMT3b activities are recruited to the rRNA gene promoter,
resulting in histone deacetylation and de novo DNA methylation.
As a consequence, UBF binding and transcription-complex
formation is impaired (see FIG. 2). The question mark denotes
the lack of information as to whether NoRC remodels the
promoter-bound nucleosome before or after DNA methylation.
Also, we do not yet know at which step histone H3 becomes
methylated on lysine 9; therefore, histone methylation and
heterochromatin protein 1 (HP1) binding are not shown. 
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Circumstantial evidence links changes in rRNA gene
arrays to ageing and human disease. For example, a loss
of rRNA gene repeats with age has been observed in
human and mouse tissues, apparently because of
increased homologous recombination among the tan-
dem rDNA repeats84. Therefore, a loss of the ability to
stably maintain rRNA gene arrays might lie at the heart
of ageing. Moreover, a systematic search for global and
gene-specific alterations of DNA methylation in germ
cells and liver of male rats has revealed age-dependent
hypermethylation in the 5′ region of the rRNA gene
repeats85. It is possible that during ageing the repetitive
nature of ribosomal genes makes them a target for
de novo methylation of non-repetitive single-copy
genes. Moreover, it has become increasingly apparent
that aberrant rRNA gene methylation correlates with
tumorigenesis86 and developmental disorders, such as
the α-thalassaemia X-linked mental retardation (ATR-X)
syndrome87. It is important to note that cause and effect
cannot be deduced from such correlations.
Nonetheless, defining the mechanisms that determine
the active and inactive state of rRNA genes might help
to understand if, and how, altered chromatin organiza-
tion or DNA methylation can cause aberrant rRNA
gene transcription in cancerous or senescent cells, with
medical relevance beyond the field of transcriptional
regulation.

promoter by either TTF-I or the yet-to-be characterized
chromatin remodeller. Finally, we need to investigate the
role of TTF-I as a catalyst for the transition between the
open and closed states of ribosomal genes.

Concluding remarks
There is a wealth of information about the role of chro-
matin structure in the regulation of Pol-II-mediated
transcription. By contrast, the function of chromatin
and DNA-modifying enzymes in Pol I transcriptional
regulation is only beginning to be understood. Existing
data indicate a close connection between histone mod-
ification, DNA methylation and chromatin remodel-
ling. However, there are many questions that need to
be addressed in future studies. How does a cell use
NoRC or analogous protein complexes to establish and
maintain a transcriptionally repressive state through
DNA methylation, histone deacetylation and histone
methylation? How do cells select the fraction of genes
to be activated or silenced in a ‘pure’ species or a
hybrid? What is the relationship between short-term
transcriptional activity and long-term chromatin
structure? What prevents silencing of one rRNA gene
from spreading to adjacent genes? What are the mech-
anisms that allow switching between transcriptional
states? Are the alternative states of expression of a given
rRNA gene epigenetically inherited?
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