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SUMMARY DNA methylation refers to a highly conserved, heritable modifi-

Heterochromatin is the transcriptionally repressed portion of eu-
karyotic chromatin that maintains a condensed appearance
throughout the cell cycle. At sites of ribosomal DNA (rDNA) het-
erochromatin, epigenetic states contribute to gene silencing and
genome stability, which are required for proper chromosome seg-
regation and a normal life span. Here, we focus on recent advances
in the epigenetic regulation of rDNA silencing in Saccharomyces
cerevisiae and in mammals, including regulation by several histone
modifications and several protein components associated with the
inner nuclear membrane within the nucleolus. Finally, we discuss
the perturbations of rDNA epigenetic pathways in regulating cel-
lular aging and in causing various types of diseases.

INTRODUCTION

H eterochromatin maintains a condensed appearance through-
out the cell cycle, while euchromatin undergoes condensa-
tion and decondensation as the cell cycle proceeds (1). In most
organisms, including yeast, fruit flies, and mammals, heterochro-
matin is found at the telomeres and in regions surrounding the
centromeres or ribosomal DNA (rDNA) loci. Some species-spe-
cific heterochromatic regions, such as the silent-mating-type loci
in yeast or the inactive X chromosome in female mammals, also
exist (1, 2). Heterochromatin has a unique ability to spread and to
serve as a multipurpose platform for the recruitment of diverse
regulatory proteins, thus affecting gene expression and other
chromosomal processes in a region-specific, sequence-indepen-
dent manner (1, 3).

Various characteristic chromatin modifications of histones in
eukaryotes are known to contribute to the assembly of hetero-
chromatin, the stability of the genome, and the restriction of het-
erochromatin spreading into adjacent chromatin domains (4).
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cation that involves the methylation of cytosine into 5-methylcy-
tosines in the CpG dinucleotides by DNA methyltransferases
(DNMTs) such as DNMT1, DNMT3a, and DNMT3b (5).
DNMT3a and DNMT3b establish the initial CpG methylation
pattern de novo, while DNMT1 is primarily responsible for main-
taining this pattern throughout each cell division (6). Although
several questions remain to be answered, the epigenetic regulation
of heterochromatin function, which includes regulation by several
histone modifications and DNA methylation, has revived the
much-debated proposition that heterochromatin silencing is im-
portant in evolution and development. Here, we focus on recent
advances in the epigenetic regulation of heterochromatin silenc-
ing within the rDNA locus in the yeast Saccharomyces cerevisiae, a
model organism that is widely used for studies of heterochromatin
formation and function; in metazoans, especially in mammals;
and briefly in Arabidopsis thaliana, a model organism for plants.
This review includes recent findings on changes in histone modi-
fication, such as histone methylation, acetylation, ubiquitylation,
and ADP ribosylation, as well as in DNA methylation within
rDNA loci. Moreover, we present the implication of several pro-
tein components at the nuclear envelope or the noncoding RNAs
in these types of epigenetic regulation of rDNA silencing. Finally,
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we discuss how the epigenetic pathways of rDNA are associated
with cellular life span regulation and how their dysregulation leads
to various types of diseases such as cancers.

PATHWAYS FOR rDNA SILENCING

In budding yeast, the rDNA region that carries rRNA is organized
into a tandem array of 9.1-kb units that are repeated 100 to 200
times on chromosome XII. In particular, the rDNA region is lo-
calized to the inner nuclear membrane (INM) of the nucleolus (7,
8). In humans, each rDNA repeat is ~43 kb and is found on the
short arms of the five human acrocentric autosomal chromo-
somes, namely, chromosomes 13, 14, 15, 21, and 22, and in
mouse, each rDNA repeat is ~45 kb long and is located on six
chromosomes, namely, chromosomes 12, 15, 16,17,18,and 19 (9,
10). Clusters of human rDNA repeats termed nucleolar organizer
regions (NORs) are composed of 300 to 400 copies per haploid
genome. In Arabidopsis, each rDNA repeat is ~10 kb, and there
are ~570 to 750 copies in each haploid genome (11-13). Similar
to human rDNA repeat clusters, the Arabidopsis IRNA gene clus-
ters are also called NORs and are located on the short arms of
chromosome 2 and chromosome 4 (NOR2 and NOR4, respec-
tively) (11, 12).

The rDNA array is fundamentally unstable and is a target for
homologous recombination. Homologous recombination within
rDNA loci is one of the crucial processes that are responsible for
maintaining rDNA integrity by repairing DNA double-strand
breaks (DSBs); this process rescues stalled replication forks and
preserves rDNA repeats (14). However, uncontrolled homolo-
gous recombination may cause the translocation of chromo-
somes, loss of heterozygosity, or addition/deletion of repetitive
sequences (15). Indeed, the rDNA copy number remains unal-
tered if the equal sister chromatid exchange repairs DSBs with the
nearest sister chromatid, but the rDNA array may expand or con-
tract if unequal sister chromatid exchange (USCE) occurs during
DSB repair (16, 17). Changes in rDNA repeat numbers due to
aberrant recombination, such as USCE, cause genomic instability
within rDNA repeats and lead to deleterious effects, such as higher
sensitivity to DNA damage or impairment of the DNA repair pro-
cess (16, 18, 19). Furthermore, the increased rate of this USCE at
rDNA regions generates extrachromosomal rDNA circles (ERCs),
which are responsible for premature cell senescence in budding
yeast (20). Nevertheless, under normal conditions, rDNA repeats
continue to be rather stable because rDNA recombination is neg-
atively regulated through rDNA silencing (21).

In budding yeast, rDNA silencing occurs specifically in two
regions: the nontranscribed spacer 1 (NTSI) region, which is
downstream of the 5S gene and which contains the replication
fork barrier (RFB), and the nontranscribed spacer 2 (NTS2) re-
gion, which is upstream of the 5S gene and which contains an
autonomous replicating sequence (ARS) (22-24) (Fig. 1). In gen-
eral, rDNA silencing in either the NTS1 or the NTS2 region de-
pends on silent information regulator 2 (Sir2) (25). However, ac-
cumulating evidence further indicates that yeast rDNA is strongly
associated with heterochromatin silencing, leading to rDNA si-
lencing through dual pathways: the Sir2-dependent pathway,
which involves the RENT (regulator of nucleolar silencing and
telophase exit) complex, and the Sir2-independent pathway. The
Sir2-independent pathway includes Tof2; two additional proteins,
Csml and Lrs4, which are subunits of the previously identified
monopolin complex that are required for coorientation during
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FIG 1 rDNA structures in yeast, human, mouse, and Arabidopsis. The graphic
of the yeast rRNA gene is derived from data reported under GenBank accession
no. U53879, and graphics of human rRNA and mouse genes are derived from
data reported under accession no. U13369 and BK000964, respectively. A
graphic of the Arabidopsis rRNA gene is shown, as reported previously (11, 13,
197,198). (A) In yeast, a single unit of rDNA (9.1 kb) consists of 55, 5.8S, 18S,
and 258 transcribed genes; internal transcribed spacers (ITS1 and ITS2); and
two NTSs, NTS1 and NTS2. The repetitive sequences of rDNA undergo re-
combination, which consequently leads to genomic instability (199). In con-
trast, as the integrity and the proper function of the rDNA repeats play impor-
tant roles in cell viability, rDNA recombination is generally repressed in a
manner that is dependent on Sir2 (153). The yeast IDNA promoter consists of
a core promoter (CP) and an upstream control element (UCE). The green
arrow indicates the transcription start site (TSS) of the pre-rRNA. All nucleo-
tide numbers are relative to the first nucleotide of the TSS (position +1). The
enhancer element (E) and RFB are located near the 3’ end of the 25S rDNA in
NTS1. The cohesin-associated region (CAR) and ARS are found in NTS2.
RNAPII transcription of rDNA starts from two promoters, called cryptic
RNAPII promoter (C-Pro) and EXP promoter (E-Pro). The intergenic cryptic
transcripts are produced from C-Pro and E-Pro (200). (B and C) Human
rDNA (43 kb) and mouse rDNA (45.3 kb) consist of 5.8S, 18S, and 28S tran-
scribed genes; ITS1 and ITS2;and along NTS called an IGS (intergenic spacer).
The IGSs include multiple regulatory elements: the rDNA promoter (CP and
UCE), an enhancer element (E), and upstream (T,,) and downstream (T, to T,
in human and T, to T,, in mouse) terminators. A spacer promoter (SP) is
found in the mouse IGS (201, 202). TTF-I is a transcription factor that recog-
nizes and binds to the upstream terminator (T,) and downstream terminators
to facilitate the recruitment of the NoRC or NuRD complex to the rDNA
promoter (203). In mouse, DNA methylation occurs in a single CpG dinucle-
otide in the UCE position at position —133 relative to position +1, as shown
by ared line below the UCE, while in humans, there are ~25 CpG sites of DNA
methylation in the promoter region (58, 181). (D) Arabidopsis TDNA (~10kb)
consists of 5.8, 18S, and 25S transcribed genes; ITS1 and ITS2; and an IGS.
The Arabidopsis IGS region is composed of a gene promoter sequence (posi-
tions —55 to +6); two SPs, SP1 and SP2; and three Sall repeats. Four repeat
sequences, R1 to R4, are located downstream of 25S rDNA in the 3" external
transcribed spacers (11, 13, 197, 198). In the Arabidopsis ecotype Col-0, four
distinct rRNA gene variants, VAR1, VAR2, VAR3, and VAR4, are identified
based on variations within R1 to R4. No UCE equivalent to yeast or mamma-
lian UCEs has been identified in the Arabidopsis TDNA promoter.
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FIG 2 rDNA-silencing components in yeast and mammals. (A) Two main
rDNA-silencing complexes, RENT and Tof2-Lrs4/Csm1, are found in yeast.
The RENT complex is composed of Netl, Sir2, and Cdc14 proteins. Human
and mouse NoRCs are composed of TIP5 and SNF2h, while the eNoSC is
composed of SIRT1, NML, and SUV39H1 (only the domain organization of
human NoRC and eNoSC components is represented). Cytokin_check_N,
Cdc14 phosphatase-binding protein N terminus; SIR2, silent information reg-
ulator 2; LRS4, loss of rDNA-silencing protein 4; DSPn, dual-specificity pro-
tein phosphatase, N-terminal half; CDC14, cell division control protein 14;
Csml, chromosome segregation in meiosis protein 1; MBD, methyl-CpG-
binding domain; DDT, DNA-binding homeobox and different transcription
factors; WHIM3, WSTF, HBI, Itclp, and MBD9 motif 3; PHD, plant home-
odomain; Bromo, bromodomain; AdoMet-MTases, S-adenosylmethionine-
dependent methyltransferases; SNF2_N, SNF2 family N-terminal domain;
HELICc, helicase conserved C-terminal domain; SANT, SWI3, ADA2, N-CoR,
and TFIIIB; SLIDE, SANT-like ISWI domain; CHROMO, chromatin organi-
zation modifier; SET, Su(var)3-9 enhancer-of-zeste trithorax; DUF, domain of
unknown function. (B) Homologs of yeast Fob1 in fungi and mammals. NCBI
Blast analysis using yeast Fobl protein sequences shows homology to human
KRBA2. The sequences are derived from data reported under accession num-
bers XP_455939 for Kl, NP_986751 for Eg, NP_010395 for Sc, NP_998762 for Hs,
XP_004058617 for Gorgo, and XP_001113012 for Macmu. Kl, Kluyveromyces
lactis; Eg, Eremothecium gossypii; Sc, Saccharomyces cerevisiae; Hs, Homo sapi-
ens; Gorgo, Gorilla gorilla; Macmu, Macaca mulatta. Fobl consists of a C,H,-
type zinc finger motif and an integrase catalytic core-like structure (204).
Human KRBA?2 is a zinc finger protein of the C,H, family and contains Kriip-
pel-associated box A (KRAB-A) and integrase core domains.

meiosis I; and the condensin complex (26, 27) (Fig. 2 and 3). In
this context, it is likely that a loss of either pathway leads to re-
duced rDNA silencing to a similar extent, implying an overlapping
mechanism within NTS regions of rDNA. However, losses of both
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FIG 3 Dual pathways for yeast rDNA silencing. The yeast rDNA locus is
located between nucleotides 0.45 to 0.468 Mb of chromosome XII. (Top) In
Sir2-dependent rDNA silencing, Fobl binds to the RFB site of rDNA NTS1
and recruits Netl, which leads to the recruitment of Sir2 and Cdcl4 to the
RENT complex. The Sir2-associated histone modification that influences
rDNA silencing involves various types of histone modifications during the G,
to late mitotic phases. Rpd3 is associated with the negative regulation of rDNA
silencing. Setl or Dotl positively recruits the RENT components Netl and
Sir2, whereas Set2 has the opposite effect. Rad6 or Ubp10 positively regulates
rDNA silencing by regulating Sir2 association at rDNA loci, while Ubp8 has a
negative effect. (Bottom) In Sir2-independent rDNA silencing, Fob1 bound to
the RFB site of rDNA mediates the hierarchical binding of Tof2, Csm1/Lrs4,
and condensin to the NTS1, thereby leading to the association of rDNA with
the nuclear periphery with the aid of CLIP proteins such as Hehl and Nurl
during mitosis. In this specific stage of the cell cycle, Jhd2 preferentially regu-
lates mitotic rDNA silencing by maintaining Csm1/Lrs4 and condensin asso-
ciation with rDNA regions. The aurora B kinase Ipl1 is also responsible for the
hypercondensation of chromosomes during anaphase. The positive and neg-
ative regulations of the indicated histone-modifying enzymes in rDNA silenc-
ing are denoted by arrows and L, respectively. Physical interaction between
the indicated proteins is shown as a bidirectional arrow.

pathways are synergistic when scoring for recombination among
rDNA repeats, suggesting that the Sir2-dependent and Sir2-inde-
pendent pathways work in parallel pathways for repressing re-
combination (26, 28).

In the NTS regions of rDNA loci, Sir2 forms a RENT complex
along with Netl and Cdc14 (29). Netl is required for rDNA si-
lencing and Sir2 localization in the nucleolus (29, 30). In addition,
Netl functions in maintaining nucleolar integrity and in regulat-
ing telophase exit by controlling the release of the phosphatase
Cdcl4 (31, 32). The RENT complex is recruited to the RFB site
through the physical interaction of Net1 and Sir2 with Fob1 in the
NTS1 region and is most likely associated with the NTS2 region
via RNA polymerase I (RNAPI) (24, 32). In cells lacking Sir2, the
Fobl-dependent recombination rate is increased within rDNA
repeats, leading to the accumulation of ERCs (20, 33). The asso-
ciation of Fob1 with the RFB inhibits replication fork progression
in a single direction: following DBSs, Fob1 is required for rDNA
homologous recombination with sister chromatids, which occurs
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at stalled forks (33-35), and FOBI deletion reduces the rates of
rDNA recombination and USCE between rDNA repeats (33). In
addition, the loss of Fob1 decreases the rDNA copy number vari-
ation and consequently stabilizes the rDNA copy number repeats,
suggesting that Fobl-dependent RFB activity is an important
component of rDNA regulation, whose level must be tightly con-
trolled by Sir2-dependent and -independent mechanisms (17).
Moreover, interestingly, Fob1 is an indispensable protein that not
onlyis required for the induction of rDNA recombination but also
promotes rDNA silencing by recruiting the RENT complex, as
described above, and the complex that is formed by Tof2, Lrs4,
and Csm1 (22, 26) (Fig. 3). Tof2, Lrs4/Csm1, and the RENT com-
plex may bind to the cohesin ring, an evolutionarily conserved
multisubunit protein complex that is recruited to the chromo-
some and holds the sister chromatids together, thus facilitating the
correction of the positions of two sister chromatids relative to each
other and the inhibition of the unequal exchange between rDNA
repeats (27, 28, 36). The presence of Sir2-dependent or Sir2-inde-
pendent pathways for rDNA silencing appears to be attributable to
the fact that cells cope efficiently with the variety of conditions that
they encounter during each stage of the cell cycle. During inter-
phase and mitosis, the RENT complex components Net1 and Sir2
colocalize to a subdomain within the nucleolus, mainly to the
NTS1 and NTS2 regions of rDNA loci. However, the Sir2 protein
leaves the nucleolus at the end of mitosis and scatters throughout
the nucleus (29). The dispersion of Sir2 may result in an altered or
unstable architecture at rDNA loci without alternative rDNA si-
lencing pathways. Indeed, the redistribution of Sir2 from the
NTS1 region to telomeres or mating-type loci in cells lacking Rif1,
atelomeric DNA-binding protein, results in high rDNA instability
and reduced cellular life span (37). To overcome this issue, both
rDNA recombination and nucleolar silencing are regulated by the
Sir2-independent pathway, which includes the Fob1-mediated hi-
erarchical binding of Tof2, Csm1, and Lrs4 to the RFB site of the
NTS1 region during mitosis.

The condensation of mitotic chromosomes requires the con-
densin complex, which is a multisubunit protein complex in-
volved in regulating chromosome architecture (38). Based on the
results of recent extensive studies in yeast regarding the function
of mitotic condensin at the molecular level, the alteration of chro-
matin modifications of histones is thought to be one of the impor-
tant factors that influences mitotic chromosome condensation.
One important piece of evidence supporting that this epigenetic
regulation of chromosome compaction comes from the study of
yeast Ipll, the aurora B kinase that phosphorylates histone H3 on
the serine 10 residue (H3S10). This kinase also phosphorylates
condensin during postmetaphase chromosome assembly matura-
tion. The aurora B kinase is associated with mitosis in all eu-
karyotes and, in particular, drives the hypercondensation of an
artificially elongated chromosome during anaphase in budding
yeast, suggesting that changes in the histone modification pattern
affect chromosome condensation (39).

In mammals, active or silent states of rDNA repeats in synthe-
sizing rRNA are tightly regulated within various metabolic path-
ways, under different environmental conditions, or depending on
each stage of the cell cycle. As in the yeast system, the maintenance
of rDNA chromatin silencing in mammals is critical for rDNA
genome stability: it suppresses aberrant homologous recombina-
tion within sister chromatids and maintains the rDNA in a con-
densed and transcriptionally refractory state. Thus, loss of silenc-
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FIG 4 Tllustration of rDNA silencing pathways in mammals. Shown is a model
for silent or repressed chromatin states of mammalian rDNA: first, constitu-
tively silent TDNA repeats are organized into heterochromatin; second, revers-
ible silent rDNA repeats are organized into an inactive structure during star-
vation; and third, “poised” rDNA is accessible to transcription machinery but
isnotactively transcribed. The transcription factor TTE-I recognizes and binds
to T, which facilitates the recruitment of the NoRC or NuRD complex to the
rDNA promoter. A short noncoding pRNA (150 to 300 nt) is produced by
RNAPI from the rDNA spacer promoter and is homologous to the core rDNA
promoter (43). The pRNA binds to TIP5 through a hairpin structure, which
facilitates and stabilizes the recruitment of the NoRC to chromatin, thus pro-
moting rDNA silencing (205). DNMTs mediate rDNA hypermethylation with
the association of the NoRC and pRNA. The eNoSC regulates rDNA silencing
in response to intracellular energy levels or calorie restriction. The NuRD
complex establishes the poised state for rDNA in growth-arrested and differ-
entiated cells. The interaction of the NuRD complex with CSB and TTF-I
facilitates NuRD recruitment to the rDNA promoter. Physical interaction be-
tween the indicated proteins and pRNA is shown as bidirectional arrows.

ing at rDNA loci correlates with rDNA instability, nucleolar
disintegration, or even cellular senescence as well as with many
types of diseases, as we discuss below (34, 40, 41). The switch from
active rDNA, in which rRNA synthesis is active from this region,
to its inactive state is mediated mainly by three classes of rDNA-
silencing complexes (Fig. 4).

First, the NoRC (nucleolar remodeling complex) is an ATP-
dependent chromatin-remodeling complex that is a member of
the ISWI/SNF2h family and is composed of two subunits, the
ATPase SNF2h (sucrose-nonfermenting protein 2 homolog) and
the DNA-binding protein TIP5 (transcription termination factor
I [TTF-I]-interacting protein 5) (42). This complex establishes
rDNA silencing with the coordination of different histone-modi-
fying enzymes, DNMTs, or promoter-associated RNA (pRNA), a
small intergenic noncoding transcript required for NoRC-medi-
ated heterochromatin formation, to block the formation of a tran-
scription initiation complex at the rDNA promoter (43, 44). The
NoRC mediates a shift of the nucleosome to 25 nucleotides (nt)
downstream with respect to the transcription start site, a repres-
sive/inactive position, to prevent transcription complex forma-
tion and to establish rDNA silencing (45). In addition, the associ-
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ation of the NoRC with the rDNA promoter is critical for
establishing a silent rDNA chromatin structure (44), and the
binding of the NoRC to the rDNA promoter via TTF-I recruits
histone- or DNA-modifying proteins, such as HDAC1 (histone
deacetylase 1), DNMT1, or DNMT3Db (44, 46—49). In particular,
the bromodomain within TIP5 plays a significant role in NoRC-
mediated rDNA silencing by interacting with histone H4 acety-
lated at lysine 16 (H4Kl6ac) and consequently facilitating
HDACI1-mediated deacetylation of histone H4 at the K5, K8, and
K12 residues (50). Moreover, to maintain the silent state of rDNA
during cell division or glucose starvation, SIRT1 (sirtuin 1) rein-
forces the NoRC at the rDNA chromatin by deacetylating MOF-
dependent TIP5 acetylation (51). Significantly, most of the (DNA
repeats in the clusters of rDNA exist in a constitutively silent and
stable state that is maintained by DNA methylation and by the
NoRC (5, 47). CpG DNA methylation is a highly stable modifica-
tion for gene silencing and provides strong stability to the rDNA
repeats, and the NoRC establishes the constitutively silent rDNA
with the coordination of DNMTs and histone modification (46,
52). Moreover, rDNA methylation is associated with the inheri-
tance of the constitutively silent and stable state of rDNA chroma-
tin (47).

Second, the eNoSC (energy-dependent nucleolar silencing
complex) is composed of SIRT1, the histone methyltransferase
SUV39HI1 (also known as KMT1A), and a nucleolar protein, NML
(nucleomethylin). This complex mediates rDNA silencing in re-
sponse to glucose starvation and protects mammalian cells from
energy deprivation-dependent apoptosis (53). Elevation of the
NAD*/NADP™ ratio triggers STRT1 deacetylase activity for his-
tone H3 at rDNA promoters, thereby facilitating energy-depen-
dent rDNA transcriptional repression (53). Although yeast Sir2
localizes to the nucleolus and telomeres, mammalian SIRT1 is
found mainly in the nucleoplasm and requires NML for its bind-
ing to rDNA after glucose deprivation (54), the binding of NML to
dimethylated histone H3 at lysine 9 (H3K9me2) induces a ternary
eNoSC together with SIRT1 and SUV39H1, and the loss of any of
these components increases pre-RNA levels, suggesting that coor-
dinated binding of NML, SIRT1, and SUV39H1 to the rDNA locus
induces heterochromatin across the rDNA during glucose starva-
tion (53). The eNoSC-regulated state of rDNA is unstable and
reversible because eNoSC-mediated histone modification and
concurrent rDNA silencing should be reversed upon the onset of
suitable cellular energy levels (52). These dynamic epigenetic
changes in rDNA chromatin appear to be intended to conserve
energy and to increase cellular resistance in response to such lim-
ited conditions.

Third, the NuRD (nucleosome remodeling and deacetylation)
complex is a large multisubunit complex with two types of cata-
lytic subunits, including HDAC1/2 and the ATP-dependent heli-
case CHD3/4, and nonenzymatic proteins, including GATA zinc
finger domain-containing proteins 2A and 2B (GATAD2A/2B),
methyl-CpG-binding domain proteins (MBD2/3), metastasis-as-
sociated proteins (MTA1/2/3), and retinoblastoma-binding pro-
teins (RBBP7/4) (55). The NuRD complex is activated in response
to the attenuation of cell growth and establishes the poised state of
rDNA, a chromatin state that is accessible for transcriptional fac-
tors but transcriptionally inactive, thereby suppressing rDNA
transcription and maintaining the inactive rDNA (56). Binding of
TTEF-Ito the T, element and to CSB (Cockayne syndrome protein
B), a DNA-dependent ATPase, facilitates the recruitment of the
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NuRD complex to unmethylated CpG rDNA promoters (56, 57).
Interestingly, the NuRD complex also negatively regulates TIP5
expression, which leads to the suppression of CpG methylation at
rDNA promoters (57). As such, the NuRD complex-mediated
state of rDNA can be categorized into a poised state of rDNA
chromatin or of rRNA genes, which functions in maintaining si-
lent rDNA in growth-arrested or differentiated cells. The NuRD
complex maintains this poised state of  DNA chromatin by form-
ing a repressive nucleosome on the rDNA core promoter, which is
associated with bivalent histone modifications; a heterochromatic
mark, trimethylated histone H3 at lysine 27 (H3K27me3); and a
euchromatic mark, trimethylated histone H3 at lysine 4
(H3K4me3), and this complex also provides an intermediate con-
figuration of IDNA chromatin, which is not transcribed but which
remains transcription permissive (56, 57).

Thus far, only a few features of regulation of rDNA silencing
are common in both yeast and mammals. For example, human
SIRTI, the mammalian homolog of yeast Sir2, is found in the
eNoSC (Fig. 2A). In addition, although the mammalian homolog
of yeast Fob1 has not yet been determined, the human KRAB-A
domain-containing 2 (KRBA2) protein is likely homologous to
yeast Fob1 (Fig. 2B). Furthermore, silencing proteins that mediate
heterochromatin spreading across the rDNA repeats bind to NTS
regions throughout eukaryotes; yeast rDNA silencing complexes
primarily bind to the NTS1 or NTS2 regions; and consistently, the
mammalian silencing NoRC and NuRD complexes are recruited
to the rDNA promoter within the IGS region via the DNA-bind-
ing protein TTF-I that is bound to the proximal promoter element
T, (41, 47, 49, 56).

In contrast, one prominent feature of rDNA silencing in mam-
mals that is not found in budding yeast is the existence of DNA
methylation at rDNA loci. This modification is regarded as a key
chromatin mark for silent and inactive chromatin (58). Several
studies further suggested that DNMT-mediated hypermethyl-
ation of rDNA is one of the causes of gene silencing at rDNA loci
(59, 60). Indeed, methylated DNA is found primarily in rDNA
promoters and enhancers of silent rRNA genes (61). Loss of either
DNMT1 or DNMT3b or treatment of mammalian cells with
5-aza-2'-deoxycytidine, a nucleoside analog mechanism-based
DNMT inhibitor, reduces DNA methylation at rDNA loci with
defects in both rDNA silencing and pre-rRNA synthesis (62). Also,
a short noncoding pRNA has not been observed in budding yeast,
and the loss of mammalian pRNA correlates with the depletion of
rDNA methylation by disrupting the nucleolar localization of the
NoRC and by affecting DNMT3b recruitment (63, 64).

In Arabidopsis, orthologs of yeast or mammalian rDNA-silenc-
ing complexes, such as yeast Fob1, the RENT subunit Net1/Cdc14,
and Tof2-Lrs4/Csm1 proteins or the mammalian NoRC, have not
been identified. In addition, although the Arabidopsis PKL
(PICKLE) and PKR2 (PKL-related 2) proteins are homologs of
metazoan CHD3/CHD4, their role in rDNA silencing is still not
clear (65, 66). The role of Arabidopsis SRT2, a homolog of yeast
Sir2, in rDNA silencing is also unknown (67). However, interest-
ingly, in interspecific hybrids of plants, rRNA gene silencing is
controlled by nucleolar dominance, a phenomenon in which
rRNA genes of one species are transcriptionally dominant over the
rRNA genes of other species (68-71). Notably, the regulation of
nucleolar dominance in plants shares similarities with regulation
by NoRC-mediated rDNA silencing in mammals, and nucleolar
dominance in plants is regulated epigenetically because it requires
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FIG 5 Chromatin modifications during rDNA silencing. The different types
of extracellular and intracellular signals modulate active rRNA gene structure
and impose silent rRNA gene structure through various histone modifications,
CpG dinucleotide DNA methylation, nucleosome sliding on the core pro-
moter of the rRNA gene by the NoRC and NuRD complexes, and noncoding
RNAs such as pRNA and PAPAS. m, mammals; y, yeast.

HDAG6 and DRM2, which are the homologs of mammalian Rpd3
deacetylase and DNMT3D, respectively (72—74). The role of short
interfering RNA (siRNA) derived from IGS of the Arabidopsis
rRNA gene is reminiscent of that of mammalian pRNA in regu-
lating rDNA silencing (75). In addition, it was recently shown that

all silenced rRNA gene subtypes map to NOR2, whereas all active
rRNA gene subtypes map to NOR4 in Arabidopsis, suggesting that
selective rRNA gene silencing is not regulated by gene-based
mechanisms but by a subchromosomal silencing mechanism (76).

INVOLVEMENT OF HISTONE MODIFICATIONS IN
rDNA SILENCING

Histone Methylation in rDNA Silencing

To date, several chromatin-modifying enzymes have been re-
ported to affect DNA silencing by modulating the state of DNA or
histone modifications within rDNA regions in S. cerevisiae and in
mammals (Fig. 5 and Tables 1 and 2). Among these modifications,
histone methylation has emerged as a critical chromatin modifi-
cation that regulates yeast rDNA silencing. Recently, our group
has shown that histone methylation on histone H3 at lysine 4
(H3K4) and on H3 atlysine 79 (H3K79) by the histone methylases
Setl and Dotl, respectively, positively regulates the silencing
within rDNA loci, whereas methylation on H3 at lysine 36
(H3K36) by Set2 methylase negatively affects rDNA silencing
(26). These results indicate the bivalent epigenetic regulation of
rDNA silencing by histone H3 lysine methylases. Without excep-
tion, the regulation of rDNA silencing by the three lysine methyl-
ases depends on Sir2. However, rDNA silencing is also regulated
by histone demethylation, which is Sir2 independent and which is
mediated by Jhd2, an evolutionarily conserved JARID1 family
H3K4 demethylase that contains a Jumonji C (JmjC) domain
(26). In this context, of the five JmjC-containing demethylases in
yeast (Jhdl, Jhd2, Rphl, Gisl, and Ecm5), only Jhd2 and Gisl
show in vivo demethylase activity toward H3K4 and H3K36, re-
spectively, within regions spanning rDNA loci. Surprisingly, Jhd2
demethylase affects IDNA silencing and rDNA recombinationina

TABLE 1 Effects of posttranslational modifications of histones on rDNA silencing and cellular aging in Saccharomyces cerevisiae*

Effect on life span”

Histone Histone target Effect on rDNA
modification Gene residue(s) silencing” RLS CLS Reference(s)
Acetylation ESAI H4K5, H4K12, H4K16 + - ND 88, 89, 206
NAT4 H4 - ND ND 90
Deacetylation SIR2 H3K9ac, H3K14ac + 24,91, 92
H4K16ac + - + 24, 91-94, 154, 207
RPD3 H4K5ac, H4K12ac - + ND 93, 94, 160, 161
Methylation SET1 H3K4 + - - 26,170, 171, 208
SET2 H3K36 - + ND 26,170
DOTI H3K79 + - - 26,170, 171, 209
Demethylation JHD2 H3K4 — ND + 26,171
GIS1 H3K36 NC ND NC 26,210
Phosphorylation IPLI H3S10 ND ND ND 39
Ubiquitylation RAD6 H2BK123 + - ND 25,101, 102, 105, 173
BREI H2BK123 + - - 105, 172,173, 211
Deubiquitylation UBPS8 H2BK123 — + + 105, 173,211-213
UBPI10 H2BK123 + - - 103-105
“ Effect of the indicated gene deletion on rDNA silencing, where “+” indicates an increase in URA3 or ADE2 expression due to the disruption of rDNA silencing and “—” indicates

a decrease in URA3 or ADE2 expression due to increased silencing when a URA3 or an ADE2 reporter integrated into the NTS regions of the IDNA was used.

b Effect of the indicated gene deletion on replicative life span (RLS) and chronological life span (CLS), where “+” indicates an increase in life span an

life span.
“ND, not determined; NC, no change.
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TABLE 2 Epigenetic regulation of rDNA silencing in mammals®
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Effect on rDNA
Modification Gene Target residue(s) silencing Reference(s)
DNA methylation DNMT]I CpG + 60, 62
DNMT3a CpG + 60, 62
DNMT3b CpG + 64
Acetylation TIP60/KAT5 H2AKS, H3K14, H4K5, H4KS, ND 96, 186, 214
H4K12, H4K16
MOF/KATS8 H4K16 +/—- 51
Deacetylation HDACI H3K9ac, H4ac + 44, 48
SIRTI H3K9ac, H3K14ac, H4K16ac + 53,99
Methylation EZH2/KMT6A H3K27me3 ND 215
PRMT5 H3R8me2, H4R3me2 + 82
SETDB1/KMTIE H3K9mel/2 + 77
SUV39HI/KMTIA H3K9mel/2/3 + 53
SUV4-20H2/KMT5C H4K20me3 + 80, 81
Demethylation JHDMIA/KDM2A H3K36mel/2 + 83
JHDM1B/KDM2B H3K4me3 + 84
JMJD2B/KDM4B H3K9me3 - 85
PHFS8/KDM7C H3K9me2 - 86
PARylation PARPI H3 + 111
Ubiquitylation UHRF1 H3K23ub + 109
RINGIB H2AK119ub ND 215
Deubiquitylation USP21 H2AK119ub ND 216
““+,” inducer for rDNA silencing or transcriptional repression; “—,” repressor of rDNA silencing or transcriptional repression; ND, not determined; “H2AK5,” histone H2A at

lysine 5; “H2AK119ub,” ubiquitylated histone H2A at lysine 119.

Sir2-independent manner by demethylating every state of meth-
ylated H3K4 within the NTS regions of rDNA. Moreover, during
mitosis, Jhd2 has the ability to prevent the excessive recruitment
of Tof2, Csm1/Lrs4, and condensin subunits to the RFB site
within the NTS1 region, which is required for faithful mitotic
chromosome segregation.

rDNA silencing in mammals is closely associated with HP1 and
histone methylation, such as di- or trimethylated histone H3 at
lysine 9 (H3K9me2/3), H3K27me3, or trimethylated histone H4
at lysine 20 (H4K20me3) (43, 44, 46, 60). A coimmunoprecipita-
tion experiment in human cells demonstrated that TIP5, a com-
ponent of the NoRC, is associated with SETDBI, a histone meth-
yltransferase that catalyzes mono- and dimethylation of histone
H3 at lysine 9 (H3K9mel/2) (77). Consistently, TIP5 overexpres-
sion increases the presence of histone marks, such as H3K9me2/3
and H4K20me3, but decreases the dimethylation of H3K4, a his-
tone mark for gene activation (43, 78). Moreover, SUV39H]1, a
component of the eNoSC, mediates H3K9me?2, allowing rDNA
silencing during glucose deprivation (53, 79). The level of SUV4-
20H2-catalyzed H4K20me3 is increased at rDNA regions during
growth arrest in NIH 3T3 cells (80). PAPAS (promoter and pre-
rRNA antisense) is a long noncoding RNA that is produced in an
antisense orientation by RNA polymerase II (RNAPII) and covers
sequences of the pre-rRNA coding region and the rDNA pro-
moter (81). This noncoding RNA is upregulated in growth-
arrested cells and is accompanied by increased SUV4-20H2-
mediated H4K20me3 and chromatin compaction (80, 81).
Additionally, PRMTS5, the type II arginine methyltransferase that
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catalyzes monomethylation or symmetric dimethylation of his-
tones H3 and H4, plays a key role in silencing rDNA when the cells
are in a stationary or nonproliferating state (82).

Moreover, mammalian histone demethylases have the ability to
differentially regulate rDNA silencing: lysine-specific demethy-
lases 2A and 2B (KDM2A and KDM2B, respectively) are the mem-
bers of the JmjC family of demethylases that induce rDNA silenc-
ing, whereas other members of the JmjC family of demethylases,
including JMJD2b (KDM4B) and PHE8 (KDM7C), are known to
disrupt rDNA silencing. Human KDM2A (also called JHDM1A)
was found to repress rDNA transcription in the nucleolus by bind-
ing to the IDNA promoter and demethylating mono- or dimethy-
lated H3K36 during starvation (83). Human KDM2B (also called
JHDM1B) also localizes to the nucleolus and facilitates rDNA si-
lencing by demethylating H3K4me3, thereby inducing the disso-
ciation of chromatin-bound UBF from the rDNA locus (84). In
contrast, JMJD2b, which demethylates H3K9me2/3 in the peri-
centromeric heterochromatin, is found enriched on both rDNA
promoters and the 28S rRNA coding sequence in colon and pros-
tate cancer cells, implying that JMJD2b has a role in disrupting
rDNA silencing (85). Human PHF8 also negatively regulates
rDNA silencing by binding to the promoter of the rRNA gene and
specifically demethylating H3K9me2 (86, 87).

Histone Acetylation in rDNA Silencing

Accumulating evidence indicates that the activities of histone
acetyltransferases (HATs) and HDACs are required for regulating
rDNA silencing in both yeast and mammals. Interestingly, each

mmbr.asm.org 551


http://mmbr.asm.org

Srivastava et al.

HAT or HDAC has a different effect on gene silencing within
rDNA loci. For example, yeast Esal, a catalytic subunit of the HAT
complex NuA4, regulates the silencing of RNAPII-transcribed
genes at rDNA loci (88). The loss of Esal results in the maximal
reduction of acetylation at histone H4 lysine 5 (H4K5) as well as
moderate reductions of acetylation at histone H4 lysine 12
(H4K12) and at H4K16. The increased expression of ESAI and
SIR2 reciprocally suppresses the rDNA silencing defects that are
associated with esal and sir2 mutants, suggesting that Esal and
Sir2 have opposite activities that contribute to achieving optimal
nucleolar chromatin structure and function (89). In contrast,
Nat4 negatively regulates rDNA silencing. Nat4 is a yeast histone
H4 N-alpha-acetyltransferase, and a lack of its activity results in
enhanced silencing of rDNA and increased deposition of asym-
metric histone H4 arginine 3 (H4R3me2a) dimethylation, sug-
gesting that the cross talk between H4 N-terminal acetylation and
H4R3me2a contributes to the regulation of rDNA silencing (90).

Sir2 is undoubtedly one yeast HDAC that influences rDNA si-
lencing. The loss of Sir2 increases acetylation on histone H3 at
lysine 9 and lysine 14 residues (H3K9 and H3K14, respectively) as
well as on histone H4K16 within the NTS1 region of rDNA loci,
thereby disrupting rDNA silencing (24, 91, 92). However, in con-
trast to the positive role of Sir2 in the regulation of rDNA silenc-
ing, Rpd3 deacetylase, the catalytic subunit of a multiprotein
deacetylase complex that contains Sin3 and Sap30, plays a negative
role in rDNA silencing. The loss of Rpd3, Sin3, or Sap30 increases
levels of acetylated H4K5 and H4K12 and enhances Sir2-depen-
dent rDNA silencing (93-95). Therefore, Rpd3 is thought to
counteract, rather than to establish or maintain, rDNA silencing
(94).

Consistently, several human HATs regulate rDNA silencing in
positive or negative ways. In human embryonic kidney HEK-293T
cells, overexpression of TIP60 (also called KAT5), a yeast homolog
of Esal, reduces rDNA promoter activity, indicating that TIP60
downregulates rRNA gene transcription (96). Mammalian MOF
(also called KATS) is another HAT that also belongs to the MYST
family and acetylates histone H4K16 preferentially at the pro-
moter region of the rDNA loci rather than at the rRNA gene cod-
ing region (51, 97). MOF is required for the binding of TIP5 to
rDNA chromatin and for the nucleolar localization of NoRC dur-
ing S-phase progression; however, MOF and H4K16ac are present
on both methylated and unmethylated rDNA loci, implying two
roles for MOF-mediated H4K16ac in activating and silencing
rRNA genes (51).

Generally, mammalian HDACs induce rDNA silencing through
deacetylation of histones at the rDNA promoter. Mammalian
SIN3 is a corepressor complex that belongs to a class I HDAC
complex, which includes HDACs such as HDAC1/2 and other
components, including SIN3A/B, SUDS3, RBAP4/7, RBBPI,
SAP30, SAP130, SAP18, and SAP180, as corepressor scaffold pro-
teins (48, 98). The SIN3 corepressor complex physically interacts
with the NoRC, thereby facilitating NoRC-mediated rDNA silenc-
ing by targeting at the rDNA promoter (48). The changes in the
NAD¥/NADH ratio induced by the reduction of energy levels
activate SIRT1 deacetylase, which mediates the deacetylation of
H3K9 and H4K16 and thus leads to rDNA silencing (53). Inter-
estingly, loss of SIRT1 by treatment with SIRT1-specific siRNA or
by the addition of the SIRT1 inhibitor nicotinamide decreases
SUV39H1-mediated H3K9me2 levels in human cells, and loss of
DNMT]1 methyltransferase decreases the recruitment of SIRT1 to
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rDNA regions with increased H4K16ac levels, suggesting a signif-
icant association of SIRT1 with other silencing marks, such as
H3K9me2 and DNA methylation, during the establishment of
mammalian rDNA silencing (53, 99).

Histone Ubiquitylation in rDNA Silencing

In budding yeast, the lysine 123 residue of histone H2B
(H2BK123) is ubiquitylated by the E2 ubiquitin-conjugating en-
zyme Radé6 (also called Ubc2) and the E3 ligase Brel, and this
ubiquitylation is reversed by deubiquitinating enzymes such as the
ubiquitin proteases Ubp8 and Ubp10 (100). Radé6 is associated
with heterochromatic silencing in telomeric regions, HM loci, and
rDNA regions (25, 101). In rDNA regions, the deletion of RAD6 or
the expression of histone H2B with a lysine-to-arginine substitu-
tion mutation at residue 123 disrupts rDNA silencing, which elu-
cidates the involvement of histone ubiquitylation in inducing
rDNA silencing (102). Interestingly, the histone deubiquitylase
Ubp10 (also called Dot4) is associated with rDNA silencing in a
manner similar to that of the ubiquitylase Rad6. In cells lacking
Ubp10, rDNA silencing is significantly suppressed, and a reduc-
tion of Sir2 association is consistently found with the hyperacety-
lation of H4K16 and the hypermethylation of H3K4 and H3K79 in
NTS regions of rDNA (103-105). Therefore, the maintenance of
low levels of histone ubiquitylation, as regulated by both Rad6
ubiquitylase and Ubp10 deubiquitylase, appears to be required for
rDNA silencing (103, 105).

Ubp8 is another histone deubiquitylase for H2BK123 in yeast;
however, in contrast to Ubp10, the loss of Ubp8 significantly in-
creases TDNA silencing (105). The molecular mechanism by
which Ubp8 regulates rDNA silencing is not known, and further
studies are needed to investigate the opposite roles of the two
histone deubiquitylases Ubp8 and Ubp10 in regulating rDNA si-
lencing. In addition, the protein deubiquitylase Ubp3 does not
target histone substrates but plays a role similar to that of Ubp8 in
rDNA silencing, and a chromatin immunoprecipitation assay re-
vealed that the assembly of RNAPII at rDNA loci depends on
Ubp3 and that the loss of Ubp3 leads to an increase in the binding
of Netl to rDNA, which coincides with increased rDNA silencing
and highly suppressed levels of USCE (106).

Few studies have addressed the role of (de)ubiquitylation in
mammalian rDNA silencing. Human UHRF1 (ubiquitin-like
PHD and RING finger domain-containing 1) (also called NP95) is
an E3 ubiquitin ligase that mediates ubiquitylation of histone H3
at lysine 18. This E3 is required for the establishment and main-
tenance of DNA methylation in mammals (107, 108). A study
showed that a loss of UHRF1 or mutation in the tandem tudor
domain of UHRF1, a domain required for binding to H3K9me2/3,
diminished DNA methylation at human IGS regions of rDNA loci
(109).

Histone PARylation/Ribosylation in rDNA Silencing

Recent studies further showed the functional association between
PARPI [poly(ADP-ribose) polymerase 1], which is an ADP-ribo-
sylating enzyme, and rDNA silencing in flies and mammals (110,
111). PARP1 is present in the nucleolus and regulates ribosomal
biogenesis by maintaining the genomic integrity of rRNA repeats
in Drosophila melanogaster nucleoli (110). In mammals, PARP1
binds to the rDNA promoter via TIP5, an association facilitated by
noncoding pRNA, which is implicated in the maintenance of si-
lent rDNA chromatin during cell division (111). Particularly, be-
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cause silent rDNA chromatin is a specific substrate for ADP-ribo-
sylation and because PARP1-mediated ADP-ribosylation is
necessary for establishing rDNA silencing, especially in mid- to
late S phase, PARP1 and ADP-ribosylation are thought to facilitate
the inheritance of silent chromatin structures.

INVOLVEMENT OF INM-ASSOCIATED PROTEINS IN
EPIGENETIC REGULATION OF rDNA SILENCING

Evidence from the past several years has provided a significant
understanding of how the structural maintenance proteins cohe-
sin and condensin interact with the cohibin complex and INM-
associated proteins, thereby contributing to proper rDNA silenc-
ing. The nuclear envelope is composed of two membrane bilayers:
the INM faces the inside of the nucleus, and the outer nuclear
membrane exists in continuous contact with the endoplasmic re-
ticulum in the cytoplasm (112). The function of the nuclear enve-
lope is to separate the cell into two compartments, the nucleus and
the cytoplasm, and to exchange RNAs or proteins through the
nuclear pores that span the nuclear envelope. Large multiprotein
nuclear pore complexes control the transport of macromolecules
through the nucleus. However, repressive heterochromatin is sur-
rounded by and affiliated with the INM, generally away from the
nuclear pore complexes (8, 112). Particularly in budding yeast,
rDNA-silent loci and telomere regions are closely associated with
the INM; thus, the localization and interaction of rDNA with dif-
ferent types of nucleolar proteins along with the proteins at the
nucleolar periphery, such as the cohibin complex, the cohesin
complex, the condensin complex, and the Smc5/6 complex, pro-
vide a better understanding of epigenetic regulation of rDNA si-
lencing (8, 113). Because the cohibin complex, which mediates the
perinuclear anchoring of rDNA to INM proteins, associates with
rDNA depending on changes in histone methylation, exploring
additional examples of epigenetic changes that fine-tune the
rDNA silencing pathways that include INM-associated proteins
will be important.

The Cohibin Complex

In budding yeast, cohibin is a “V”-shaped complex that is com-
posed of two Lrs4 and two Csm1 homodimers (27, 113). Csm1 is
required for the prevention of USCE through the proper arrange-
ment of rDNA repeats within sister chromatids, and the Lrs4 pro-
teins physically attach the rDNA to the chromatin linkage of INM
proteins (CLIP) such as Heh1 (helix extension helix 1) and Nurl
(nuclear rim 1). Both Lrs4 and Csml1 are necessary for maintain-
ing rDNA repeat stability and for rDNA silencing (27, 113, 114).
In particular, the association of rDNA with the nuclear periphery
through the collaboration of RENT and the cohibin complex se-
questers the recombination proteins away from rDNA repeats and
prevents unequal rDNA recombination, thereby further stabiliz-
ing the repeats. This association indicates that the INM-mediated
perinuclear chromosome tethering of rDNA is required to ensure
rDNA repeat stability (113, 115). Moreover, the observation that
the loss of either Sir2, Lrs4, or Csm1 disrupts rDNA silencing,
whereas Heh1 and Nurl are responsible for rDNA repeat stability
but not essential for rDNA silencing, raises the possibility that
rDNA silencing is not sufficient for proper rDNA repeat size reg-
ulation (113). In contrast to such noticeable progress in yeast sys-
tems, little is known about the roles of the mammalian cohibin
complex and of CLIP proteins in regulating rDNA repeat stability.
Only one report has shown that the human integral INM proteins
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LEM2 and MANT1, which are human homologs of the yeast CLIP
protein Hehl, bind to lamins attached to the INM and tether
chromatin at the nuclear periphery (116).

The Cohesin Complex

Cohesin is a ringlike four-member protein complex, which is
composed of Smcl, Smc3, Sccl/Mcd1/Rad21, and Scc3/Irrl dur-
ing mitosis, whereas Sccl is replaced by Rec8 during meiosis. This
complex is required for clasping sister chromatids together during
mitosis and meiosis (36, 117). Smcl and Smc3 are members of the
SMC (structural maintenance of chromosome) family, which also
includes Smc2 and Smc4 as subunits of condensin and Smc5 and
Smc6 as components of the Smc5/6 complex (118). The cohesin
SMC proteins and non-SMC proteins are primarily conserved
among vertebrates; for instance, the human cohesin complex is
composed of SMC1A/B, SMC3, RAD21/SCC1, and SA1/SA2 dur-
ing mitosis, whereas REC8 and STAG3 replace SCC1 and SA1/SA2
during meiosis (36). Cohesin holds the sister chromatids together,
and this process is required for chromosome segregation and ho-
mologous recombination during the repair of DSBs (119). Addi-
tionally, the cohesin complex plays a role in rDNA condensation
in budding yeast. At metaphase, rDNA is less condensed than
most other chromosome sequences due to the persistent catena-
tion of rDNA repeats at this locus; however, during anaphase,
when the protein phosphatase Cdc14 is activated, the rDNA re-
gion condenses and is separated (120). The Sir2 protein, which
prevents USCE between rDNA repeats, is necessary for cohesin
binding within rDNA loci (34, 121).

There are two plausible yeast system models that may explain
the recruitment of the cohesin complex to rDNA. One model
suggests that Sir2 facilitates the association of cohesin with NTS
regions of rDNA by silencing the conserved RNAPII promoter
element E-pro near the rDNA recombination enhancer (14). An-
other model suggests that a direct interaction between cohesin
subunits and Csm1, a cohibin subunit, accounts for the recruit-
ment of the cohesin complex to rDNA (27). Notably, cohesin
binding to the rDNA is evolutionarily conserved in eukaryotic
genomes, but its role in rDNA silencing is not yet clear (122).
Apart from the role of cohesin in chromosome segregation and
rDNA condensation, cohesin and its associated factors have addi-
tional functions in transcription (123). Interestingly, one report
suggested that the cohesin complex facilitates rRNA production
and protein synthesis, which may explain a large fraction of the
observed gene misregulation, such as Cornelia de Lange syndrome
and Roberts syndrome, human diseases caused by mutations in
cohesin (122).

Condensins

The yeast condensin complex is composed of five subunits: two
core SMC subunits (Smc2 and Smc4) and three non-SMC sub-
units (the kleisin subunit Brnl and the HEAT repeat subunits
Ycs4 and Ycs5/Ycgl). This macromolecular complex is involved
in regulating chromosome architecture and its condensation and
is closely associated with silencing in heterochromatin regions,
such as mating-type loci or rDNA regions (26, 38). Condensin
maintains the structural and genomic stability of rDNA and aids
in proper rDNA segregation during mitosis (124). In yeast, the
association of condensin with rDNA is thought to reduce the to-
pological effect that is induced by transcription, consequently fa-
cilitating the proper segregation of the rDNA (18, 125). In addi-
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tion, condensin plays an important role in rDNA silencing, as it
facilitates an increase in Sir2 recruitment at the rDNA loci and
prevents the spreading of silenced chromatin to nonsilenced re-
gions by forming the Sir2-enclosed rDNA chromatin loops, and
the loss of condensin disrupts this rDNA chromatin loop organi-
zation, thereby leading to the spread of Sir2 to telomeres and lead-
ing to alterations in the strength of silencing at both regions (25,
126, 127). Notably, the cohibin proteins Csm1 and Lrs4 also reg-
ulate rDNA recombination by recruiting condensin proteins to
the RFB site of rDNA, thus maintaining rDNA integrity (128). In
this context, the RFB site in the NTS1 region of rDNA acts as a cis
element for the Fobl-dependent recruitment of condensin to
rDNA (128), and the H3K4 demethylase Jhd2 contributes to the
regulation of condensin recruitment to rDNA by alleviating ex-
cessive condensin in the NTS1 region of rDNA during mitosis
(26).

The condensation of mitotic chromosomes and the resolution
of sister chromatids are two indispensable processes that are re-
quired for proper chromosome segregation during mitosis. Con-
densin maintains chromosome condensation during mitosis, but
it also supports sister chromatid resolution during chromosome
segregation in anaphase (129). Indeed, condensin and topoisom-
erase II are arranged properly along the rDNA and facilitate the
late decatenation of rDNA sister chromatids, which regulates the
late segregation of rDNA during anaphase and ensures the timely
segregation of chromosomes in mitosis (130). Therefore, both
cohesin and condensin are believed to be functionally linked and
to serve as the major constituents of mitotic chromosomes, where
cohesin directs sister chromatid cohesion from S phase until mi-
tosis, whereas condensin is imperative for the timely compaction
and resolution of chromosomal regions containing rDNA, partic-
ularly during mitosis (127, 131). To facilitate rDNA condensation,
yeast condensin is assembled primarily in the nucleolus during
mitosis, although it is localized across the genome during inter-
phase (124). Of note, yeast Ipl1/aurora kinase, which phosphoryl-
ates histone H3S10, also phosphorylates the condensin subunit
Ycgl, a condensin modification that is independent of cohesin
and that is required for the postmetaphase chromosome assembly
maturation that is important for chromosome segregation (132).

The condensin subunits are also highly conserved from yeast to
humans: similarly to the yeast condensins, Xenopus laevis and hu-
man condensins are associated with the nucleolus, as their con-
densin subunits are localized in the granular component of the
nucleolus (133). This association suggests that the conformation
and function of the rDNA are closely associated with the roles of
condensin in regulating rDNA condensation, recombination, si-
lencing, or segregation in higher eukaryotes (134, 135). In hu-
mans, two analogs of condensin complexes are present, namely,
condensins I and II, which are composed of two SMC proteins,
SMC2 and SMC4; one kleisin protein (CAP-H for condensin I and
CAP-H2 for condensin II); and two HEAT repeat proteins (CAP-
D2/CAP-G for condensin I and CAP-D3/CAP-G2 for condensin
1) (136). Consistent with data from yeast system studies, the find-
ings of several reports support the implication of mammalian
condensin in regulating rDNA silencing. For example, the loss of
the catalytic subunit of the condensin complex SMC2 significantly
increases CTCF (CCCTC-binding factor)-mediated rDNA tran-
scription (137). Data from chromatin immunoprecipitation
(ChIP) analyses suggest that SMC2 more preferentially binds to
the promoter and to transcribed regions than to nontranscribed
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regions of the human rDNA locus, and an SMC2 knockout in-
creases UBF recruitment and enhances H4 acetylation enrichment
around the rDNA promoter (137). CTCF repression also increases
SMC4 binding preferentially to the transcription initiation region
and transcribed region of the rDNA locus (137). In SMC-depleted
HeLa cells, sister NORs missegregate or segregate with a substan-
tial delay, suggesting the structural instability of rDNA due to
condensin depletion (138). Similar to yeast Ipll/aurora kinase,
inactivation of aurora B kinase leads to a loss of association of
condensin I with chromatin in human cells (139).

The Smc5/6 Complex

The yeast Smc5/6 complex consists of the SMC group proteins
Smc5 and Smc6, which are conserved throughout eukaryotes, and
a number of non-SMC subunits, such as Nsel, Nse2/Mms21,
Nse3, Nse4/Rad62, Nse5, and Nse6/Kre29 (15, 118). The human
SMC5/6 complex includes four non-SMC subunit orthologs:
NSE1, NSE2/MMS21, NSE3/MAGEG1, and NSE4A/B (118, 140).
The Smc5/Smc6 complex is suggested to be essential for rDNA
maintenance and segregation as well as for efficient DNA repair;
however, the precise role of this complex in regulating rDNA si-
lencing remains unclear (141). Mms21 is a small ubiquitin-related
modifier (SUMO) E3 ligase that is required for sumoylation dur-
ing gene silencing and regulates the binding of both the condensin
and cohesin complexes to rDNA regions (142, 143). In addition,
Smc5/Smc6 assists in the precise completion of DNA replication
and in the proper organization of mitotic chromosomes (15, 118).
Indeed, loss of human SMC5/SMC6 results in delayed DNA rep-
lication at centromeres and telomeres and in disrupted chromo-
some assembly and segregation (144). Therefore, based on the
notion that the Smc5/6 complex is implicated in various cellular
processes that are closely associated with rDNA silencing, the role
of the Smc5/6 complex in regulating rDNA silencing, together
with the roles of the cohesin and condensin complexes, is worth
exploring.

IMPLICATION OF EPIGENETIC REGULATION OF rDNA
SILENCING IN AGING AND DISEASES

Cellular Aging

Cellular aging is one of the most prominent cellular processes that
are influenced by rDNA silencing. The molecular basis of cellular
aging in budding yeast has been extensively studied by analyzing
the replicative life span (RLS) and chronological life span (CLS).
Replicative aging is measured in mitotically dividing cells and in-
volves assessing the life span of a mother cell by observing the total
number of daughter cells that are produced before death (145,
146). In contrast, chronological aging is measured in postmitotic
cells and involves determining the survival time of cells in a non-
dividing state (147). Based on these two life span analyses, many
pathways that regulate cellular life span have been described in
yeast. One pathway involves the formation of ERCs, the accumu-
lation of which shortens the life span and is thus one of the major
causes of cellular aging. Another pathway involves Sir2 deacety-
lase, which can be activated by calorie restriction and which sub-
sequently prolongs life span (Table 1) (148-150). In addition to
the two pathways, rDNA instability or a natural polymorphism in
ribosomal ARS has been shown to influence yeast life span inde-
pendent of ERC accumulation or Sir2 (151, 152).

The role of Sir2 in regulating the cellular life span is observed in
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several examples. As mentioned above, silencing within rDNA loci
plays an important role in rDNA stability and nucleolar integrity
and is performed mainly by Sir2. The repression of rDNA recom-
bination by Sir2 reduces the formation of ERCs (153, 154). The
suppression of RNAPII-dependent transcription by Sir2 within
rDNA loci leads to rDNA silencing, which also finally extends the
replicative life span (33, 155). In addition, rapamycin treatment or
nitrogen starvation inactivates TOR (target of rapamycin) com-
plex 1 (TORC1) and increases the association of Sir2 with rDNA
loci. The inhibition of TORC1 promotes the transcriptional si-
lencing of RNAPII-transcribed genes at the rDNA locus and re-
duces homologous recombination between rDNA repeats,
thereby extending the life span (148, 156). Several other studies
have further revealed that the maintenance of a proper concentra-
tion of intracellular NAD™ through the NAD™ biosynthesis and
salvage pathways is a prerequisite for the NAD™-dependent
HDAC activity of Sir2 and that disruption of the NAD™ concen-
tration shortens the replicative life span, demonstrating a signifi-
cant relationship between rDNA silencing, metabolism, and cel-
lular aging (157-159). In contrast to the role of Sir2 in rDNA
silencing and cellular life span, another HDAC, Rpd3, has the
opposite effect: the loss of Rpd3 not only increases rDNA silencing
but also significantly extends the life span, which reflects the in-
volvement of HDACs in regulating the cellular life span. However,
the loss of Rpd3 does not overcome the shortened life span due to
the loss of Sir2 and does not have an additive effect of life span
extension under conditions of calorie restriction (160, 161).

Similar to yeast Sir2, metazoan Sir2 and SIRTI regulate life
span. In Caenorhabditis elegans and Drosophila, overexpression of
Sir2 homologs extends the postmitotic life span (162, 163). Like-
wise, the expression of mouse SIRT1 decreases with age in thymus
and testis tissues, leading to reduced mitotic activity and SIRT1
overexpression in brain tissue, where mitotic activity remains less
changed with age, thus extending the life span and delaying the
aging process (164, 165). However, one report demonstrated that
SIRT1 overexpression in the entire body of mice failed to extend
the life span of the mice, raising the possibility that the effect of
SIRT1 on thelife span in mammals is tissue specific (166). Regard-
less of this issue, age-dependent regulation of human SIRTI is
likely closely associated with the Sir2-dependent function in yeast,
and a recent study showed that overexpression of human SIRT1 in
yeast cells lacking Sir2 decreases ERC formation and histone acet-
ylation at H4K16 within rDNA regions (167).

Beyond the role of Sir2 and SIRT1 and their concurrent histone
deacetylation in regulating life span, several other epigenetic
mechanisms pose a great challenge for identifying the molecular
pathways that regulate the cellular life span. Indeed, the establish-
ment of changes in histone modifications is considered an epige-
netic signature of young and old cells (168, 169). As described
above, our group reported that histone H3 methylation on K4/
K79 and K36 acts as a bivalent marker for the regulation of Sir2-
dependent rDNA recombination and rDNA silencing. This effect
of histone methylation on rDNA silencing correlates well with
changes in the replicative life span in budding yeast (25, 170). One
study further demonstrated that the loss of H3K4 methylation
leads to a decrease in the CLS and is thus responsible for enhanced
cell death, whereas the suppression of Jhd2-mediated H3K4 dem-
ethylation improves cell survival, indicating that the loss of H3K4
methylation is an important cause of cell death in yeast (171). The
ubiquitylation of histone H2BK123 has emerged as an important
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epigenetic marker, as the level of this modification is significantly
elevated throughout the rDNA loci in replicatively aged yeast cells
(105). Life span analyses further show that the disruption of H2B
ubiquitylation by the deletion of either the H2B ubiquitylase
Rad6/Brel or the H2B deubiquitylase Ubp10 decreases the RLS,
and consistent with this finding, cells deficient in Brel show a
decreased CLS (105, 172). Yeast Ubp10 was previously reported to
be required for proper Sir2 localization at the telomeric and rDNA
regions by maintaining low levels of H2BK123 ubiquitylation as
well as low levels of H3K4 and H3K79 methylation within telo-
meric and rDNA loci (103, 104). In contrast to the role of Ubp10,
cells that are deficient in the SAGA histone deubiquitylase mod-
ule, including Ubp8, are exceptionally long-lived (173).

In mammals, changes in DNA methylation at rDNA loci have a
potent ability to regulate cellular life span. Previously, an age-
associated loss of rDNA repeats was observed in mouse brain tis-
sues, probably due to increased homologous recombination
among the tandem rDNA repeats (174). Recent studies showed
that mammalian cells undergo DNA methylation drift across the
genome, which involves global hypomethylation and locus-spe-
cific hypermethylation of CpG sites (169, 175). Locus-specific
DNA hypermethylation is found at the rDNA locus, where meth-
ylation is frequently associated with transcription repression
(175). Consistent with this finding, age-dependent DNA hyper-
methylation occurs specifically at rDNA regions, causing a defi-
ciency in rRNA synthesis in somatic cells of mice (176). Another
report showed that DNA hypermethylation within rDNA clusters
is observed in liver tissues and spermatozoa of old rats (177).
Although the Sir2- or SIRT1-engaged pathways are mainstays of
the molecular basis of maintaining a normal life span in mitoti-
cally dividing or postmitotic cells so far and although most of the
novel epigenetic controls are closely associated with this Sir2/
SIRT1 deacetylase throughout eukaryotes, the pathways that are
Sir2 or SIRT1 independent but that influence rDNA silencing also
have the potential to regulate life span. For instance, the yeast Lrs4
and Cms4 proteins, which are required for rDNA silencing, regu-
late the cellular life span through the perinuclear anchoring of
rDNA with the help of cohibin and the INM proteins Heh1 and
Nurl (114).

Disease Progression

A series of studies have interrelated epigenetic gene regulation
with various diseases caused by defects in cell cycle progression,
cell growth, and DNA repair and recombination. However,
whether changes in epigenetic regulation within rDNA chromatin
are some of the causes or consequences of aged or cancerous cells
is uncertain. Generally, if rDNA transcription is abnormally re-
pressed, cells may undergo cell cycle arrest, accompanied by se-
nescence or apoptosis (5). In contrast, if rRNA synthesis is abnor-
mally upregulated by a loss of silent rDNA regions primarily
through DNA hypomethylation at rDNA, cells may lose rDNA
stability, or rDNA transcription may be unnecessarily stimulated,
thereby leading to enhanced cell proliferation or even to malig-
nant transformation (5, 58). These possibilities strongly suggest
that proper rDNA silencing acts as a barrier to suppress tumor
development in mammals and that failure to impede unnecessary
rDNA transcription may lead to oncogenesis (84, 178).

Recent studies suggested a significant role of rDNA hypomethy-
lation at the onset of cancers. rDNA hypomethylation is found in
a wide range of cancers, such as hepatocellular carcinoma, endo-

mmbr.asm.org 555


http://mmbr.asm.org

Srivastava et al.

TABLE 3 Effects of epigenetic proteins and other factors on rDNA silencing during cancer

Effect of gene loss/presence

Factor Gene Disease(s) Cell line(s) on rRNA synthesis® Reference(s)

DNA CpG methylation DNMT]I Colon cancer HCT116 + 181
DNMT3a Glioblastoma U1242MG + 180
DNMT3b Colon cancer HCT116 + 181

Histone modification HDACI Osteosarcoma Sa0S-2 + 190
JHDMI1A/KDM2A Breast cancer MCF7 + 83
JHDM1B/KDM2B Glioblastoma, breast cancer T98G, MCF7, ZR-75-1, + 84,217

MDA-MB-231

PHF2/KDM7B Colon cancer, lung cancer HCT116, A549 + 185
PHF8/KDM7C Osteosarcoma U20S = 86
TIP60/KAT5 Prostate cancer LNCaP +* 186

Other ZNF454 Gastric cancer MGC803 + 218
PTEN Prostate cancer, glioblastoma LNCaP, U87 + 219
pI4ARF/CDKN2A  Bronchoalveolar carcinoma H358 +* 220
RUNX1/AMLI Acute myeloid leukemia Kasumi-1 + 221
RUNX2 Osteosarcoma Sa0S§-2 + 190

@ “+,” increase in rRNA synthesis; “—,” decrease in rRNA synthesis. “*” indicates the presence or overexpression of the gene.

metrial cancer, brain cancer, and colon cancer (178-181). Human
hepatocellular carcinoma cells display DNA hypomethylation at
rDNA promoters that coincides with the reactivation of silenced
rDNA expression (181). In human colon carcinoma cells lacking
DNMT1 or DNMT3B, the levels of the 47S primary rRNA tran-
script are significantly increased (181). In glioblastoma cells defi-
cient in NPM1, a nucleolar histone chaperone, loss of DNMT3
also synergistically enhances rDNA transcription (180). Indeed,
low levels of DNA methylation at rDNA genes are found in many
African American women with endometrial carcinoma (178).
However, notably, DNA hypermethylation at rDNA regions is
also associated with certain types of cancers, such as ovarian or
breast cancers (182—184). The levels of DNA methylation at 18S
and 28S rRNA genes are high in patients with ovarian cancer,
especially in long progression-free survival compared with short
survival (183). MassARRAY EpiTYPER assays further demon-
strated DNA hypermethylation at rDNA in breast cancer tissues
compared to normal breast tissues (182).

Dysregulation of JmjC-containing histone demethylases is
closely associated with perturbation of rDNA transcription and
with various types of cancer cells (Table 3). Inhibition of the JmjC
demethylase JHDM1A/KDM2A by dimethyl succinate induces
pre-rRNA synthesis during starvation in breast cancer cells (83).
Similarly, loss of the PHF2/KDM7B JmjC demethylase increases
pre-rRNA synthesis in colon and lung cancer cells (185). Consis-
tent with these findings, the expression of JHDM1B/KDM2B, a
JmjC demethylase that is found in the nucleolus and that is re-
quired for rDNA silencing, is significantly downregulated in glio-
blastoma (84). In parallel, H4K20me3 at rDNA loci is downregu-
lated in breast and colon cancer cells (80). However, in contrast to
these examples, knockdown of the PHF8/JKDM7B JmjC demeth-
ylase decreases pre-rRNA synthesis and leads to reduced prolifer-
ation of osteosarcoma cells (86).

The implication of changes in histone acetylation with cancers
comes from studies of TIP60/KATS5 and SIRT1. In prostate cancer
cells, the TIP60 acetyltransferase is recruited to the rDNA pro-
moter upon androgen stimulation, thereby inducing rRNA tran-
scription through acetylating both histone H4 and UBF at the
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rDNA promoter (186). In contrast, many studies have indicated
that the expression level of SIRT1 deacetylase influences hetero-
chromatin formation and cellular transformation (53, 187-189).
SIRT1-null mouse embryos die mainly as a result of an increase in
H3K9 acetylation, which is accompanied by reduced H3K9me3-
associated heterochromatin formation and by increased genome
instability due to an impaired DNA damage response (187).
Moreover, SIRT1 levels are reduced in breast cancer and in hepa-
tocellular carcinoma (187). One report demonstrated that
HDACI1-mediated deacetylation of H3K9 and histone H4 at the
rDNA promoter suppresses rRNA transcription by RUNX2, a fac-
tor that controls bone lineage commitment and cell proliferation,
in human cancer osteosarcoma cells (190).

Perturbed epigenetic regulation of rRNA synthesis is also ob-
served in other examples of diseases, such as neurodegenerative,
psychiatric, hematopoiesis, autoimmune, and developmental dis-
orders. One of the chronic neurodegenerative diseases, Alzhei-
mer’s disease (AD), occurs with the loss of neurons and synapses
in the cerebral cortical tissue. Of note, the reduction of ribosomal
function is one of the reasons for the development of AD patho-
genesis (191). In accordance, DNA hypermethylation on the
rDNA promoter is associated with patients with AD presenting
relatively early stages of mild cognitive impairment (192). In ad-
dition, the promoter and 5’-regulatory regions of rDNA are sig-
nificantly hypermethylated in the brains of suicidal males, con-
sistent with decreased rRNA expression in the hippocampus
(193). In CD34™ cells of patients with myelodysplastic syn-
drome, a clonal disorder of hematopoietic stem cells, increased
DNA methylation at the rDNA promoter, together with re-
duced rRNA synthesis, is suggested to contribute to defective
hematopoiesis and bone marrow failure in the majority of these
patients (194). However, in white blood cells of patients with
systemic lupus erythematosus, an autoimmune inflammatory
disease, DNA methylation of rDNA is decreased (195). Simi-
larly, in patients with X-linked alpha thalassemia/mental retar-
dation syndrome (ATRX), hypomethylation of rDNA is asso-
ciated with ATRX gene mutation (196).
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CONCLUDING REMARKS

Recent advances in understanding the regulation of rDNA hetero-
chromatin silencing reveal that specific chromatin modifications
are involved in gene silencing at rDNA loci. In budding yeast, the
two main epigenetic pathways by which transcription at the tDNA
region is silenced suggest that a distinct set of histone modifica-
tions is required for rDNA silencing depending on cell cycle pro-
gression, by which genome stability and faithful chromosome seg-
regation are maintained for a normal life span. In addition, rDNA
is known to be strongly associated with heterochromatin in the
nucleolus; however, paradoxically, these regions still allow active
transcription, which affects rDNA silencing and recombination
between rDNA repeats. The cell cycle-specific regulation of his-
tone modifications on rDNA silencing may provide, in part, a
plausible explanation as to how this paradoxical rDNA silencing is
regulated. In mammals, the epigenetic regulation of rDNA silenc-
ing is mediated by three classes of complexes, the eNoSC, NoRC,
and NuRD complex. Two complexes, the eNoSC and NuRD com-
plex, have intrinsic activities of histone deacetylation or methyl-
ation. The NoRC also has chromatin-remodeling activity that fa-
cilitates the coordination of different histone-modifying enzymes
or DNA methyltransferase to suppress rDNA transcription. In
addition, there is complicated interdependency of chromatin
modification by the rDNA-silencing complexes and other his-
tone- or DNA-modifying proteins to repress rDNA transcription.
For instance, coordinated binding of eNoSC components to the
rDNA locus requires histone H3K9me2 during glucose starvation.
TIP5, a component of the NoRC, interacts with histone H4K16ac
to repress rDNA transcription. The NuRD is recruited to the un-
methylated CpG rDNA promoter via TTF-1. Moreover, various
types of histone modifications are closely associated with rDNA
silencing, and perturbations of rDNA epigenetic pathways lead to
various types of cancers or other broad ranges of diseases, such as
neurodegenerative, psychiatric, hematopoiesis, and autoimmune
diseases, as well as developmental disorders. Therefore, combina-
torial optimization of chromatin modifications on rDNA loci is
likely performed by rDNA-silencing complexes or other chroma-
tin modifier proteins to regulate rDNA silencing depending on
each stage of the cell cycle or energy-limited conditions. In addi-
tion, although fine-tuned characterization of the epigenetic path-
ways at rDNA regions is still required, it is encouraging that the
connection between the epigenetic regulation of rDNA silencing
and its effect on the regulation of cellular life span would provide
promising fundamental knowledge to improve our understand-
ing of apoptosis, cancer biology, or other age-associated diseases.
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