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Abstract: Ribosome biogenesis is one of the most fundamental and energetically demand-
ing cellular processes. In humans, the ribosomal DNA (rDNA) repeats span a large region
of DNA and comprise 200 to 600 copies of a ~43 kb unit spread over five different chromo-
somes. Control over ribosome biogenesis is closely tied to the regulation of the chromatin
environment of this large genomic region. The proportion of rDNA loci which are active
or silent is altered depending on the proliferative or metabolic state of the cell. Repeat
silencing is driven by epigenetic changes culminating in a repressive heterochromatin envi-
ronment. One group of proteins facilitating these epigenetic changes in response to growth
or metabolic demands are ATP-dependent chromatin remodeling protein complexes that
use ATP hydrolysis to reposition nucleosomes. Indeed, some chromatin remodelers are
known to have indispensable roles in regulating the chromatin environment of rDNA. In
this review, we highlight these proteins and their complexes and describe their mechanistic
roles at rDNA. We also introduce the developmental disorders arising from the dysfunction
of these proteins and discuss how the consequent dysregulation of rDNA loci may be
reflected in the phenotypes observed.

Keywords: ribosome biogenesis; chromatin remodeling; ribosomopathy; neurodevelopmental
disorder; nucleolus

1. Introduction

Ribosomes are a critical component for cellular function as they are the molecular
machinery required for the synthesis of proteins. Ribosome biogenesis begins with the
transcription of the rDNA in the nucleolus followed by an energy-intensive and nucleolytic
practice that requires ~200 accessory proteins to rapidly process the nascent transcript and
then assemble the mature small and large subunits of the ribosome [1]. Moreover, different
levels of ribosome production must be coordinated to facilitate other processes, such as
cell proliferation, cell fate decisions, or general metabolic activity, that meet the needs of
individual cell types [2]. Given this critical role, it is not surprising that aberrant ribosome
biogenesis has been associated with diseases, commonly referred to as ribosomopathies,
which include cancer susceptibility and growth, aging-related diseases, and neurodevelop-
mental disorders [1]. Many of these disorders affect the initial steps of ribosome biogenesis,
namely rDNA transcription, thereby highlighting the importance of regulating the tran-
scriptional output of this locus [2,3]. There are many mechanisms which regulate this
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process, including genomic elements at rDNA arrays, cell signaling pathways, various
transcription factors, and epigenetic processes that regulate the fraction of active versus
inactive rDNA repeats. In this review, we focus on the contributions of different chromatin
remodeling complexes and their associated co-factors in mediating these early steps of
ribosome biogenesis. We also highlight the alterations that occur when these proteins are
dysfunctional, demonstrating the importance of proper regulation and maintenance of
the chromatin architecture and drawing a link between rDNA transcriptional defects and
the neurodevelopmental disorders arising from defects in these genes as a novel subset of
ribosomopathies (Table 1).

2. Structural Organization and Transcription of the rDNA Repeats

Ribosomes are encoded in part by the 475 rDNA arrays, which in humans are located
on the p-arms of the five acrocentric chromosomes, namely chromosomes 13, 14, 15, 21 and
22 [4]. Between the five chromosomes there are a total of several hundred copies (300-500 in
humans) of the 475 array, each oriented in the same direction; this is an organization that is
conserved in other species (e.g., mice) (Figure 1). Despite the large number of copies, many
are in a transcriptionally silent state with a variable number of active genes [5]. Indeed, the
repetitive nature of the rDNA arrays make them prone to recombination, and they require
constant regulation to maintain their chromatin structure and maintain genomic integrity.
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Figure 1. The genomic arrangement of the human rDNA genes. rDNA is encoded on the p-arms
of the five acrocentric chromosomes (top cartoon) [4]. Here, many copies of the rDNA locus are
arranged in arrays in a head-to-tail manner (middle cartoon). Each copy of the rDNA locus can be
divided into a ~30 kb intergenic spacer region and a ~13 kb coding region (bottom cartoon). Included
in the coding region are 5" and 3’ externally transcribed spacers (ETS) and two internally transcribed
spacers (ITS). The black arrows indicate the transcriptional start sites (TSS) of each rDNA repeat.
DNA is represented as the blue and white double helices in the middle cartoon, with blue and white
coloring indicating rtDNA and spacer regions, respectively. In the bottom cartoon, DNA is represented
as the + (blue) and — (red) strands.

Most of the transcription that occurs in a mammalian cell is the transcription of rRNA.
It has been shown that across eukaryotic organisms, rRNA makes up as much as 80-90%
of the total RNA present in the cell [6]. Each 47S array encodes the 18S, 5.8S, and 28S
rRNAs, and they are transcribed by RNA polymerase I. The rDNA arrays in mammals are
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structured as ~13 kb coding regions separated by intergenic spacer (IGS) regions which are
~30 kb in length (Figure 1). The smallest rRNA transcript, the 55 rRNA, is encoded by one
locus on chromosome 1 in humans and is transcribed uniquely by RNA polymerase III [7].
Following transcription, these rRNAs are processed and assembled with ribosomal proteins
to form functional ribosomes.

2.1. Genomic Elements and Cell Signaling Pathways

At the level of the genome, rDNA contains several regulatory elements which are
necessary for the maintenance of the repeat. The mammalian IGS bears a replication
fork barrier (RFB) site at the end of the 47S coding sequence, to which the transcription
termination factor 1 protein (TTF-1) binds and terminates both transcription and replication
(Figure 2) [8,9]. A promoter in the IGS region has been identified in mice, from which a
long non-coding RNA is transcribed, which itself functions in regulating the transcription
of the 475 transcript [10]. A recombination enhancer element, E-pro, exists in budding
yeast and is a bi-directional promoter of a noncoding RNA which helps to maintain the
high copy number of rDNA [11]. E-pro promotes gene amplification after deletional
recombination via the dissociation of cohesin from DNA, which is normally present for
equal sister chromatid recombination [12]. Such an element to enhance recombination has
not been identified in mammals, although some mechanism likely exists to maintain a high
copy number. DNA methylation is a major form of the epigenetic regulation of the rDNA
loci and is critical for the repression of these genes. A significant portion of rDNA genes are
silenced at any given time in lineage-committed cells; for instance, about half of the rDNA
is methylated in NIH3T3 cells [10]. Methylation of a cytosine at position -133 relative to the
47S transcription start site (TSS) is enough to inhibit upstream binding factor (UBF) binding
and therefore formation of the transcription initiation complex [13]. Beyond genomic
elements and the epigenome, ribosome biogenesis is also subject to regulation via various
cell signaling pathways. A well-known example of this is the mTOR signaling pathway,
where the mTOR complex 1 can activate the S6K1 kinase, which in turn phosphorylates
and activates UBF as well as the RNA polymerase I transcription initiation factor RRN3
(Figure 2) [14,15]. Transduction of growth stimuli via the MAPK signaling pathway also
results in phosphorylation of RRN3 (Figure 2) [16].
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Figure 2. Transcription factor and cell signaling control of rRNA transcription. TTF-1 binds a
replication fork barrier (RFB) near the 3’ end of the 475 coding sequence to aid in the termination of
transcription and replication [8,9]. A promoter (IGS promoter) has been identified 2kb upstream of the
pre-TRNA TSS (green arrow) in the mouse intergenic spacer sequence (IGS), which transcribes a long
non-coding RNA that regulates pre-rRNA transcription [10]. In the transcriptional activation of rRNA,
UBF forms a complex with SL-1, TBP, and its associated proteins to form a complex to stimulate RNA
polymerase I-mediated transcription [13]. mTORC1 signaling can activate the S6K1 kinase, which in
turn phosphorylates and activates UBF, as well as the RNA polymerase I transcriptional initiation
factor RRN3 [14,15]. MAPK is also capable of phosphorylating RRN3 [16]. DNA is represented as the
+ (blue) and - (red) strands.
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2.2. Transcription Factors Involved in rDNA Transcription

Since transcription of rDNA arrays is required to make functional ribosomes, it is
crucial that the chromatin architecture at the rDNA loci remains dynamic and carefully
regulated to facilitate differential rDNA expression depending on cellular needs. Various
transcription factors (TFs) are now known to be required at rDNA, especially for initiating
and maintaining a high level of transcription. UBF was one of the first major transcription
factors to be identified as having a role in the activation of rRNA transcription [17-19].
UBEF interacts with selective factor 1 (SL1), which is part of a TF complex consisting of
TATA-binding protein (TBP) and associated factors which confer promoter recognition
specifically to RNA polymerase I to stimulate transcription (Figure 2) [20,21]. Intriguingly,
UBF gain-of-function mutations in humans result in aberrant hyperactive rRNA production
and childhood neuronal degeneration [22]. TTF-1 is another crucial rDNA transcription
factor which was first identified as a factor mediating the termination of RNA polymerase I-
dependent transcription [23,24]. Later studies demonstrated the ability of TTF-1 to activate
rRNA transcriptional activation in cell-free transcriptional assays [25]. More recently, TTF-1
has been found to have a role in establishing a repressed chromatin environment at rDNA
via recruitment of the nucleolar remodeling complex (NoRC), the main complex involved
in forming heterochromatin at rDNA [26]. Probably the most intensely studied rDNA
transcription factor is the oncogene c-Myc. Not only does c-Myc coordinate transcription of
RNA polymerase I- and II-dependent genes, but also the transcription of RNA polymerase
I-dependent genes [27-29]. c-Myc is a regulator of higher-order chromatin structure at
rDNA, where it can induce the formation of chromatin loop structures and promote the
recruitment of TTF-1 [30]. The ability of c-Myc to upregulate ribosome biogenesis as a
rDNA TF likely plays a role in the protein driving oncogenesis [31,32].

2.3. Introduction to Chromatin Remodelers at the rDNA Locus

Chromatin remodelers are a class of proteins which use ATP hydrolysis to facilitate hi-
stone variant exchange or nucleosome repositioning, and many are known to be important
in regulating the chromatin environment at rDNA loci (Table 1). There are four main classes
of ATP-dependent chromatin remodelers which have been identified: Switch/sucrose non-
fermentable (SWI/SNF), imitation switch (ISWI), chromodomain helicase DNA-binding
(CHD), and inositol-requiring 80 (INOS80). Perhaps the best-studied chromatin remodeling
complex is the human BAF (BRG1/BRM-associated factors) complex, which is the highly
conserved ortholog to the yeast SWI/SNF chromatin remodeling complex. In humans, the
BAF complex is composed of two core interchangeable ATPase subunits, BRG1 (SMARCA4)
or BRM (SMARCA?2?) and many other subunits, totalling roughly 15 proteins [33,34]. It
is surprising to note that the BAF complex has not been shown to have a significant role
in regulation of the rDNA locus. ISWI chromatin remodelers in humans are similarly
conserved from yeast composed of one of two mutually exclusive ATPase subunits, SNF2L
(SMARCAT) or SNF2H (SMARCAS), which can each pair with one of seven different regula-
tory subunits [35]. Thus, 14 different human ISWI complexes potentially exist, but only six
have been characterized thus far: ACF, WICH, NoRC, NURF, CERF, and RSF [35,36]. There
are nine known CHD ATPase proteins in humans, which are divided into three subfamilies
based on their protein structure: I (CHD1/2), II (CHD3/4/5), and III (CHD6/7/8/9) [37].
These again function in multimeric protein complexes, the most well-characterized being
the nucleosome remodeling and deacetylase (NuRD) complex [37]. Finally, the INO80
family of chromatin remodelers consists of two ATPases, namely INO80 and SRCAP in
humans [38]. These proteins also both function in multimeric complexes which have been
implicated in numerous chromatin regulation functions, but no role has yet been identified
at rDNA for this class of chromatin remodelers [38]. “Orphan” chromatin remodelers
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which do not clearly belong to any of the four major families have also been identified
(e.g., ATRX) [33,34]. An array of diseases and disorders have been linked to mutations
in genes encoding the different classes of chromatin remodelers [33-45]. Pathologies
which occur because of mutations in chromatin remodelers vary widely in phenotype,
highlighting the diversity of biological processes that these proteins regulate. Chromatin
remodelers are commonly mutated in cancers as well as diseases which disrupt growth
and development [43-45]. As many as 20% of all cancers carry mutations in the protein
subunits which make up the SWI/SNF complex [43]. Of all the genes identified with a link
to intellectual disability (ID) and autism spectrum disorder (ASD), 10% encode chromatin
modifying, binding, or remodeling proteins [46]. Often, these pathologies will present with
significant defects in cellular proliferation and/or differentiation.

Perhaps the best-studied chromatin remodeling protein involved in rDNA regula-
tion is Cockayne syndrome B (encoded by the gene ERCC6), which is the major gene
that is mutated in Cockayne syndrome (CS) [47]. Multiple studies have shown reduced
pre-TRNA synthesis upon loss of function of the protein [48,49]. Loss of function of the
SWI/SNF-like chromatin remodeler ATRX (the causative gene in the ATR-X syndrome)
results in enhanced replication stress and a significant impairment in neural progenitor
growth, causing a reduction in neuron production and the size of the cerebral cortex [50,51].
Deletion of the ISWI gene SMARCAS5 (which encodes the SNF2H protein), a component of
the NoRC complex, results in the inability of hematopoietic stem cells to differentiate into
mature erythroid and myeloid cells, as well as severe proliferation defects within neural
progenitors [52,53]. The nucleosome remodeling and deacetylase (NuRD) complex, harbor-
ing several members of the CHD family of chromatin remodelers, participates in neural
progenitor expansion and differentiation [39]. Intriguingly, each of these critical chromatin
remodelers (and others) have been shown to be recruited to rDNA and to modulate the
transcriptional activity of this locus (Table 1) [54-56]. In the following sections, we discuss
in more detail the role of individual chromatin remodeling complexes in the regulation
of rDNA transcription and chromatin structure and introduce the neurodevelopmental
disorders caused by dysfunction of these same complexes.

Table 1. Summary of chromatin remodeling proteins and complexes involved in rDNA regulation
and diseases associated with mutations in these complexes.

Chromatin Remodeling

Protein/Complex Action at rDNA Disease(s) Associated Clinical Manifestations
Snijders Blok—-Campeau syndrome
(SNIBCPS) (CHD3) L.
NuRD Maintains a poised, transcriptionally and Sifrim-Heitz-Weiss syndrome d Jnltenrift;l?lld(is?blhfty’i 1
u permissive state [56] (STHIWES) (CHD4) € de op eh.a e[ E‘;'_;f] a
CHD5 mutations result in a novel ysmorphisms
neurodevelopmental disorder [57-59]
NoRC Pfoogill(; tss:ﬁ;i:g;r(t)il(l:gtmrf)or:lzile(;n SMARCAS mutations result in a novel Developmental delay,
p - propag neurodevelopmental disorder [61] microcephaly, short stature [61]
H3K9me3 and H3K27me3 [60] P phaly,
Mediates fully active transcription,
positively regulates transcription [62]; ) Microcephaly, intellectual
CsB maintains genomic stability by Cockayne syndrome [64] disability, dwarfism [64]
resolving G4 quadruplexes [63]
Maintains heterochromatin stability
ossibly through deposition of H3.3 or Intellectual disability, hypotonia,
ATRX possivly gh dep ATR-X syndrome [45] Y, hyp

binding G4 quadruplexes
and R-loops [42,65]

facial dysmorphisms [66]
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3. Defined Roles for Different Chromatin Remodeling Complexes in
rDNA Regulation

3.1. Facilitation of tDNA Transcription by CSB

Initially characterized as an ATP-dependent chromatin remodeler involved in
transcription-coupled nucleotide excision DNA repair (TC-NER), CSB has now emerged as
an important factor in ensuring efficient rRNA transcription [49,62]. CSB is a SW1/SNF-like
chromatin remodeler, possessing the seven highly conserved ATPase motifs characteristic
of these proteins [67].

Broadly, CSB is known to be a regulator of transcription by RNA polymerase I, II, and
I [68,69]. The effect of loss of function of CSB on global transcription is dramatic, with CSB-
deficient cells having as much as a 50% lower level of RNA synthesis versus normal cells [70].
Loss of CSB was shown to result in metaphase fragility of the U1, U5, and 55 genes, possibly
because of RNA polymerases remaining on DNA at metaphase, thus impeding the local
condensation of chromatin. This metaphase fragility was rescued upon CSB re-expression [69].

CSB is a chromatin remodeler which has a distinct role in the activation of rRNA tran-
scription rather than suppression. Depletion of CSB reduces RNA polymerase I association
with rDNA, while overexpression of CSB enhances the production of rRNA in an ATPase-
dependent manner [49]. CSB can interact directly with TTF-1 to be recruited to the promoter-
proximal sequence of rDNA (Figure 3A) [49]. CSB was further found to interact with the
histone methyltransferase G9a, which is responsible for the mono- and di-methylation of H3K9
in euchromatic regions. Surprisingly, although H3K9 methylation is usually associated with
transcriptional repression, CSB recruited G9a to active rDNA regions, and the methylation
activity of G9a was required for efficient RNA polymerase I transcription (Figure 3A) [49]. A
more recent study has established that CSB and another TC-NER protein, Cockayne syndrome
A (CSA, encoded by the ERCCS8 gene), both interact with the abundant nucleolar protein
nucleolin [60]. In the case of CSB, its ubiquitin binding domain is required for this interaction.
Strikingly, this study further showed that the transcriptional activation of rDNA by CSB
appeared to be dependent on nucleolin, as CSB WT cells depleted of nucleolin showed a
significant decrease in 47S rRNA output. This study suggests a cooperation between all
three factors in ensuring efficient pre-rRNA synthesis and RNA polymerase I transcription
elongation [60]. Finally, CSB can also facilitate rRNA transcription via the resolution of DNA
secondary structures that can obstruct transcription (Figure 3B). Due to its repetitive nature
and high GC content, rDNA is particularly prone to forming secondary structures, especially
G4 quadruplexes [71]. G4 quadruplexes arise from the folding of G-rich sequences into
hydrogen-bonded planar quartets which can then stack on top of one another [72]. CSB can
effectively melt these structures on its own in an ATP-independent manner. In CSB deficient
cells, RNA polymerase I had increased stalling at putative G4-forming sequences, suggesting
an increased difficulty in transcribing these sequences in the absence of CSB [63].

As its name suggests, mutations in the CSB protein are the direct cause of CS in humans.
CSA mutations also manifest as CS but occur much less frequently than CSB mutations [47].
CS is an ultra-rare disease, occurring in approximately 1 out of every 250,000 live births [64].
Common clinical presentations include photosensitivity, intellectual disability, hearing loss,
dwarfism, and genital abnormalities, among others [64]. These hallmarks of CS are striking
in that there is overlap with many other disorders where RNA polymerase I transcription
is significantly affected [47]. CS currently has no treatment available. Only symptomatic
care is an option, consisting of physical therapy, cochlear implants, and feeding tubes,
among others. The median age of death for those afflicted is 12 years of age [64]. CSis an
example of a growing group of accelerated aging diseases. Mutations in CSB are spread
across the protein with all types of mutations being represented in the cases identified so far.
There is a group of mutations clustered in the ATPase motif, highlighting the importance
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of the chromatin remodeling function of CSB [47]. While it was originally thought that
defective TC-NER from CSB mutation could explain the phenotype of the disease, it is
becoming apparent that this cannot explain all aspects of CSB. Other diseases of defective
TC-NER have significant differences in clinical presentation from CSB, such as xeroderma
pigmentosum, where there is a ten thousand-fold increase in the risk of skin cancers, which
is not found in those with CSB [73]. Taken together, it is likely that dysfunction of RNA
polymerase I-mediated transcription is a yet unappreciated determinant of the phenotype

of CSB and other similar diseases.
O H3K9me1/2

(O H3K9

G-quadruplex

R-loop
(B)

Figure 3. CSB acts as an activating factor in rRNA transcription. (A) CSB in complex with CSA
and nucleolin (NCL) interacts with TTF-1 to mediate the chromatin state transition from poised
to fully active for transcription by the addition of methyl groups to H3K9 via the interaction with
GY9a enzyme [49,56,60]. (B) CSB can also bind and resolve DNA secondary structures such as G-
quadruplexes. G-quadruplexes impede polymerase progression (blue complex), leading to R-loops
and genomic instability that impede rDNA transcript production [63]. Green arrows depict active
transcription. TTF-1 binding site is highlighted as the blue section of the double helix in (A,B). Other
DNA is represented as the white double helix or + (blue) and — (red) strands. RNA is represented as
the purple strand in (B).

3.2. Priming of the ytDNA Locus by the NuRD Complex

NuRD is a major ATP-dependent chromatin remodeling complex in eukaryotic or-
ganisms. The initial role described for NuRD was as a transcriptional repressor. This
was proposed because the complex is unique in its ability to not only slide nucleosomes
along DNA but also to deacetylate histones, rendering chromatin less accessible [74]. It is
now understood that the complex is multifaceted and localizes to the promoters of highly
transcribed genes as well [75].

Compositionally, the NuRD complex is built from six different families of proteins
(Figure 4). The core ATP-dependent chromatin remodeling component of NuRD is the
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CHD protein, specifically CHD3, CHD4, and CHDS5, which function as the catalytic
subunit [76,77]. The histone deacetylase activity of NuRD arises from the integration of his-
tone deacetylase 1 (HDAC1) or HDAC2 to the complex [78]. Methyl-CpG-binding domain
(MBD) proteins provide affinity to methylated DNA for the complex [79]. Retinoblastoma-

binding protein (RBBP) 4 and 7 provide histone tail binding capability; some groups have
reported an association of GATA2A and GATA2B with NuRD, which are also known to have
a high affinity for unacetylated histone tails [79-81]. Finally, metastasis-associated genes
(MTA) 1, MTA2, and MTAS3 of the NuRD complex are known to interact with transcription
factors which mediate transcriptional repression [82].

@ H3K4me3
@ H3K27me3

Figure 4. NuRD aids in activating rRNA transcription. The CHD4-bearing NuRD complex (CHD4,
HDAC1/2, MBD, RBBP4/7 and MTA) is recruited by TTF-1 and maintains rDNA genes in a poised
state, as indicated by the H3K4me3 and H3K27me3 bivalent marks [56]. TTF-1 binding site is
highlighted as the blue double helix, with other DNA shown as the white double helix.

NuRD was recently shown to be an important regulator of developmental processes [83-85].
This is especially evident throughout mammalian corticogenesis, where subunit exchanges
between CHD4, CHD5, and CHD3 are critical for neural progenitor expansion, neuronal
migration, and differentiation, respectively [83]. In mice and zebrafish, NuRD is required
for hematopoietic stem cell maintenance and differentiation [84,85].

There is mounting evidence that NuRD plays an important role in controlling the
transcription of rRNA, which may be important in the manifestation of NuRD-related
diseases. At the rDNA locus, TTF-1 localizes to a consensus motif 170 base pairs upstream
of the transcription start site. Here, TTF-1 can recruit NuRD; this was determined by the
finding that CHD4 interacts directly with TTF-1 [56]. Intriguingly, the CHD4-containing
NuRD complex is important for maintaining the activation of rRNA synthesis as depletion
of CHD4 results in a significant impairment of RNA polymerase I binding to rDNA, a
reduction in rRNA synthesis, and an increased level of DNA methylation at the locus
(Figure 4) [56]. The chromatin remodeling and histone binding activity of CHD4 is required
for the transcriptional activation of rRNA. Deletion mutants of CHD4 in the chromodomain
and ATPase domain overexpressed in CHD4-depleted cells were unable to rescue the
transcriptional deficit incurred upon CHDA4 loss [56]. An interesting possibility suggested
by this study is that the NuRD complex operates in a coordinated fashion with CSB to
activate transcription of rRNA. Tandem affinity purification of CSB protein co-purified all
the protein subunits of NuRD [56]. Other studies on CSB have shown that it can recruit
p300/CBP-associated factor (PCAF) to rDNA promoters. PCAF is a histone acetyltrans-
ferase, and histone acetylation at the rDNA promoter is required for the assembly of the
RNA polymerase I transcription initiation complex [86]. As such, the authors proposed that
the CHD4-containing NuRD complex establishes the poised state of the rRNA gene, and
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CSB can then mediate the transition from the permissive to the fully active state [56]. In
addition, NuRD can indirectly maintain the demethylation state of the rDNA loci. NuRD
binds directly to the promoter of TTE-1 interacting protein 5 (TIP5), the regulatory subunit
of the ISWI-containing NoRC complex, and represses its transcription in mouse embryonic
fibroblasts (MEFs) [87]. During reprogramming of MEFs into induced pluripotent stem
cells (iPSCs), the expression of CHD4 decreased concurrently with increased expression
of TIP5, thereby increasing the fraction of silenced rDNA genes [87]. Similarly, the MBD3
subunit of NuRD can epigenetically regulate the rDNA independently of NuRD. MBD3
was shown to bind directly to the same rDNA promoters as UBF [88]. Overexpression of
MBD3 led to increased demethylation of the rDNA promoter, while depletion of MBD3 had
the opposite effect [88]. Overall, NuRD is responsible for establishing a specific chromatin
state at rDNA, which results in the gene being transcriptionally inactive but poised for
transcriptional activation, thus remaining accessible for transcription factor binding [56].

All the CHD proteins that can participate in the NuRD complex are pathogenic
in humans when mutated in the germline. CHD3 mutations are causative in Snijders
Blok-Campeau syndrome (SNIBCPS), a rare developmental disorder with varying clini-
cal presentation, except that all patients have some developmental delay or intellectual
disability [57]. CHD4 mutations cause Sifrim—Heitz—Weiss syndrome (SIHIWES), which
has similar clinical characteristics to SNIBPCS, with most patients having speech delay and
mild to moderate intellectual disability [58]. Finally, CHD5 mutations have recently been
identified as causing a neurodevelopmental disorder that is clinically very similar to those
associated with CHD3 and CHD4 mutations [59]. Mutations in the pathogenic gene variants
tend to cluster in the ATPase-helicase domain, thus affecting the chromatin remodeling
ability of the proteins. Most of the other known mutations are located in the other func-
tional domains of the proteins, especially the chromodomain, which is crucial for histone tail
recognition [57-59]. Mouse models of loss of function of CHD4 and CHD5 proteins result in
significant disruption of gene expression, especially of genes pertaining to cellular growth
and proliferation [83,89]. No direct link to misregulated rRNA transcription has been made
between the phenotype of these diseases in humans and their mouse model counterparts.
However, the clinical presentation of these diseases has similarities to others where this link
has been made, perhaps the most notable example being CS, as previously discussed.

3.3. Maintenance of rDNA Repressive Heterochromatin by NoRC

NoRC is an ISWI-containing chromatin remodeling complex, so named because of its
apparent strong localization to the nucleolus upon its initial characterization and interaction
with TTF-1 [90]. The protein subunits of NoRC include TTF-1 interacting protein 5 (TIP5,
also known as BAZ2A) and SNF2H (Figure 5) [90]. NoRC is described as the primary
chromatin remodeling complex responsible for silencing the rDNA loci. NoRC recruitment
to the rDNA loci results in the accumulation of repressive heterochromatin marks, including
trimethylation of lysine 9 on histone H3, as well as hypoacetylation of histone H4 [91].
Intriguingly, the interaction between TIP5 and TTF-1 is via the same TTF-1 domain which
interacts with CSB, suggesting competition between the two proteins in determining
the epigenetic state of rDNA. Indeed, experiments overexpressing either TIP5 or CSB
showed that overexpression of one protein will result in less binding of the other protein
to TTF-1 [49]. TIPS is a large protein which possesses an MBD-like domain and a PHD
adjacent to a bromodomain (BRD), also known as a bromodomain adjacent to zinc finger
(BAZ) domain. The protein also contains a TIP5/ ARBP/MBD (TAM) domain responsible
for binding dsDNA and dsRNA [92]. The structural similarity between TIP5 and the
related protein Williams syndrome transcription factor (WSTF, also known as BAZ1B) is
notable, as WSTF forms a distinct chromatin remodeling complex with SNF2H, known
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as B-WICH, which is also a regulator of rRNA genes [93]. The PHD domain of TIP5 can
interact with other proteins that are important for establishing heterochromatic features,
including DNA-methyltransferases (DNMTs), HDACI, and a methyltransferase responsible
for trimethylation of H3K9, SETDB1 (Figure 5) [94]. To facilitate NoRC recruitment to rDNA
chromatin, the BAZ domain can bind H4K16ac, as well as have affinity for H3K14ac [91,92].
TIP5 also possesses an MBD-like domain that can bind dsDNA and dsRNA, although with
respect to dsDNA, this occurs in a non-specific, methylation-independent manner [95].
Beyond the NoRC complex, TIP5 associates with large swaths of active genomic regions
outside of the rDNA in mouse embryonic stem cells (mESCs) and appears to restrict active
chromatin compartments [96]. TIP5 is in fact largely excluded from rDNA in ESCs and is
recruited upon differentiation to establish heterochromatin at these regions [97]. A possible
explanation for this is that ESCs require more open chromatin at rDNA to ensure that
rDNA transcription remains high while the cells are proliferating and remain uncommitted.
Once the cells differentiate and no longer need to divide, TIP5 is recruited to throttle rDNA
transcription as the metabolic needs of the cell change.

. H3K9me3
(O H3K9me2

SETDB1

To

Figure 5. NoRC silences rRNA expression. The NoRC complex, comprising SNF2H and TIP5, can
recruit the H3K9 methyltransferase SETDB1 to rDNA, which facilitates the methylation of H3K9me2 to
H3K9me3, a mark of silenced heterochromatin [94]. Red X indicates that transcription is silenced. TTF-1
binding site is highlighted as the blue double helix, with other DNA shown as the white double helix.

NoRC is unique among chromatin remodeling complexes due to its specificity to the
rDNA repeats and proximal heterochromatin. Elimination of the NoRC complex via siRNA-
mediated knockdown of TIP5 in mouse NIH3T3 cells results in significant increases in
rRNA production, with enlarged and fewer nucleoli versus control cells [91]. Transmission
electron microscopy (TEM) revealed that condensed chromatin in contact with the fibrillar
centre (FC) of the nucleolus, where repressed rRNA genes are normally located, was almost
entirely lost without NoRC [91]. Loss of NoRC resulted in instability of the rDNA repeats,
with a significant loss of the number of rDNA copies versus control cells. Repetitive DNA in
proximity to rDNA (major and minor satellite DNA) was also lost, indicative of instability at
these regions as well, and a possible role for NoRC in mediating heterochromatin spreading
to these regions [91]. Through the suppression of rDNA expression, NoRC has also been
found to limit cellular proliferation in ESCs. Interestingly, in these cells the histone variant
H2A X was responsible for the recruitment of the complex to rDNA loci [98]. TIP5 was able
to interact directly with H2A.X, and without H2A X, rRNA levels and cellular proliferation
of the ESCs increased drastically. Strikingly, a TIP5 knockdown in cells which were already
depleted of H2A X resulted in little further increase in rRNA output or cellular proliferation,
demonstrating the importance of H2A.X in NoRC recruitment [98].
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Intriguingly, while no TIP5 mutations have been linked to human disease, haploinsuffi-
ciency of the very closely related protein WALp4 (also known as BAZ2B) has recently been
found to be causative in a novel developmental disorder presenting with clinical features of
intellectual disability and autism spectrum disorder [99]. The biochemical function of BAZ2B
remains poorly understood. The protein is very similar in structure to TIP5, containing both
TAM and BAZ domains [100]. BAZ2B can form a chromatin remodeling complex with SNF2H
and its homolog SNF2L in vitro; however, the biological significance of this finding is yet to
be determined [1]. This opens the intriguing possibility that BAZ2A /B are interchangeable
in the NoRC complex in an in vivo context, thus providing a mechanistic link between the
destruction of the NoRC complex via haploinsufficiency of BAZ2B and its disease phenotype.
Furthermore, mutations in SNF2H have recently been found to be directly linked to disease
in humans [61]. Pathogenic variants of SNF2H result in a neurodevelopmental disorder
presenting with clinical features such as developmental delay, intellectual disability, and
microcephaly [61]. Intriguingly, microcephaly is also seen in mice deficient in SNF2H, a some-
what paradoxical phenotype as greater proliferation would be expected with loss of function
of NoRC [53]. Of the 12 individuals identified in the study linking SNF2H dysfunction to
human disease, 7 had mutations in the ATPase domain, likely disrupting ATP hydrolysis
and therefore the ability of the protein to slide nucleosomes and alter chromatin structure.
While the precise mechanistic link remains to be elucidated, there is dysfunction of chromatin
remodeling via NoRC when its constituents are mutated, and the resultant instability of
ribosome biogenesis is a likely contributor to the phenotype that manifests.

3.4. Maintenance of Genomic Stability of rDNA by ATRX

Alpha-thalassemia mental retardation syndrome X-linked (ATRX) is unique among
chromatin remodeling proteins as it does not fit neatly into the four main classes discussed
previously [45]. ATRX is a SWI/SNF-like chromatin remodeler, possessing the classic
ATPase/helicase domain of this family [42]. ATRX has several well-characterized protein
and chromatin binding domains. At the N-terminal region, ATRX possesses an ATRX-
DMNT3-DNMT3L (ADD) domain, which is the histone recognition module of ATRX
specific to the H3K9me3 modification [101]. ATRX can also bind HP1«, a heterochromatin
protein strongly enriched in H3K9me3 regions, via an N-terminal domain [102]. One of the
best-characterized protein—protein interactions of ATRX is DAXX, which, when bound to
ATRX, forms a histone chaperone complex specific to the deposition of the histone variant
H3.3 (Figure 6) [103,104]. At its C-terminal region, ATRX has a promyelocytic leukemia
protein (PML) targeting domain as well as a MeCP2 interaction motif [105,106].

The role for ATRX in maintaining heterochromatin integrity extends to the rDNA re-
peats. Broadly, ATRX is known for binding repetitive GC-rich chromatin in heterochromatic
regions, including in telomeres, pericentromeric chromatin, and rDNA, to prevent replication
stress [107,108]. ATRX can also bind the G4 quadruplexes which tend to form at these regions;
however, it has not been demonstrated that it can directly resolve these structures in vitro
(Figure 6) [108]. Beyond constitutive heterochromatin, ATRX can also interact with euchromatic
regions and modulate the transcription of active genes [109]. ATRX-mediated transcriptional
programming is important for determining cell fate, especially that of neurons [50,65].

In an early study, ATRX was found to localize to the short arms of metaphase acro-
centric chromosomes [110]. In blood cells from patients with ATR-X syndrome, the rDNA
repeat loci were severely hypomethylated compared to those from normal individuals [110].
In mESC ATRX KO models, as much as 50% rDNA copy number loss was observed [54].
Heterochromatic histone marks such as H3K9me3 and H4K20me3 were also significantly
reduced simultaneously with an increase in YH2Ax levels at the rDNA loci. The deposition
of H3.3 was also negatively impacted, likely disrupting ATRX-mediated heterochromatin
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assembly. Strikingly, due to a loss of heterochromatic silencing, the silent rDNA pool in
the KO cells was almost completely absent, but at the same time, the overall rRNA tran-
scriptional output was considerably reduced [54]. Another recent study focusing on ATRX
mutants in neuroblastoma tumors found differences in rRNA expression depending on the
ATRX mutation that was present. Neuroblastoma lines which expressed ATRX with exons
2-10 deleted showed downregulation of rRNA, while those that had ATRX with exons
2-13 deleted or were ATRX-negative had increased rRNA levels [111]. Other evidence of
ATRX acting indirectly on rDNA or ribosome biogenesis comes from recent proteomics
data using the BIOID system. In that study, the authors found ATRX to be in proximity to
several proteins implicated in ribosome biogenesis [112]. ATRX interacted with FAM207A,
a protein involved in maturation of the 40S ribosome subunit. IMP3 was also identified in
the BIOID screen; it is a protein required for early pre-rRNA processing and is part of the
U3 small nucleolar ribonucleoprotein (U3snoRNP) complex [113]. Altogether, the literature
suggests an important role for ATRX in regulating rDNA, but its exact biological function
at this locus remains largely uncharacterized.

H32 @ H3K9me3

rDNA
(A)

A

To

G-quadruplex

(B)

Figure 6. ATRX likely maintains chromatin integrity at rDNA. (A) ATRX forms a histone chaperone
complex with DAXX, which deposits histone H3.3 containing the K9me3 modification at heterochromatic
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regions, including rDNA to maintain chromatin integrity [103,104]. (B) ATRX is known to bind and
prevent the formation of G-quadruplexes and R-loops, which can form during DNA replication or tran-
scription, resulting in genomic instability at the rDNA locus [108,114]. TTF-1 binding site is highlighted
as the blue double helix in (B). Other DNA is represented as the white double helix or + (blue) and
— (red) strands. RINA is represented as the purple strand in (B).

Pathological variants of ATRX in the germline cause ATR-X syndrome, a rare and
severe neurodevelopmental disorder with an estimated rate of occurrence of about 1-9/
1,000,000 [66,115]. The clinical manifestations of ATR-X syndrome are wide-ranging, with the
only common manifestation between all patients being intellectual disability, which can range
from mild to severe [116]. Other common clinical features include hematological abnormalities
(including «-thalassemia), genital abnormalities, skeletal abnormalities, and gastrointestinal
issues. While ATR-X is a debilitating disorder, some patients can live well into adulthood [66].
Only symptom-specific treatments are currently available. Pathological mutations in the
germline tend to cluster within the ADD domain and the ATPase domain of ATRX, highlight-
ing the functional importance of these domains in histone binding and chromatin remodeling,
respectively. There have been 192 different germline mutations identified to date, the majority
of which are missense or nonsense point mutations [116]. Beyond the germline, ATRX is also
frequently mutated in some forms of cancer, including glioblastomas, pancreatic neuroen-
docrine tumors, and sarcomas [117-119]. Indeed, tumors with the alternative lengthening of
telomeres (ALT) phenotype are highly correlated with ATRX loss of function, with approxi-
mately 90% of ALT tumors harboring ATRX mutation [120]. Loss of ATRX on its own is not
enough to generate ALT de novo, suggesting there are other not yet understood factors at
play [108]. Altogether, the loss of the histone binding and chromatin remodeling ability of
ATRX is clearly crucial in driving a disease state, resulting from global changes in transcription
and genome instability, especially at heterochromatic regions including rDNA.

4. Other Transcription Factors and Chromatin Regulators at rDNA

There are several other chromatin-modifying proteins and transcription factors which
play a role in rDNA chromatin homeostasis in tandem with the chromatin remodelers
and complexes that are less well characterized. The previously mentioned chromatin
remodeling complex, B-WICH, is important for facilitating RNA polymerase Ill-mediated
transcription [93]. B-WICH can form a large chromatin remodeling assembly with several
nucleolar factors, including CSB and ribonucleoproteins [93]. Intriguingly, the chromatin
remodeling activity of B-WICH is a requirement for the binding of c-Myc to the 55 rRNA
locus [121]. While not chromatin remodelers per se, the RecQ helicases BLM and WRN are
ATP-dependent DNA helicases which play a vital role in numerous DNA regulation pro-
cesses, including maintaining genome stability and transcription [122-125]. Both proteins
regulate RNA polymerase I-mediated transcription, but this function remains understudied.
Both WRN and BLM stimulate rRNA transcription and are recruited to the nucleolus by
rRNA transcription [126,127]. The rDNA repeats are particularly unstable in cells that
have lost WRN or BLM protein function [128,129]. These proteins are implicated in Werner
syndrome and Bloom syndrome, respectively, both very rare diseases occurring between
1 in 1,000,000 and 1 in 10,000,000 births [130,131]. While the two proteins are similar in
structure and function, their related diseases are unique. Bloom syndrome is characterized
by dwarfism, photosensitivity, and an extremely elevated risk of developing cancer [131].
On the other hand, Werner syndrome is considered a progeroid syndrome, with those
afflicted presenting with similar manifestations of normal aging but in their 20s or 30s [130].

Aside from chromatin remodelers and the UBF and TTF-1 TFs, members of
the plant homeodomain-like finger (PHF) family of proteins stand out as having a
hand in transcriptional regulation of the rDNA loci. PHF6 and PHF8 both modulate
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rRNA transcription and are linked to two separate X-linked intellectual disability syn-
dromes, Borjeson-Forssman-Lehmann syndrome (BFLS) and X-linked intellectual disabil-
ity, Siderius type, respectively [132,133]. The two proteins are structurally closely related;
however, PHF8 contains a Jumonji C-terminal (JmjC) domain which confers histone ly-
sine demethylase activity, a role typically associated with transcriptional activation [134].
Conversely, PHF6 is known to bind repressive chromatin marks, such as H3K9me3 and
H3K27mel, and recruit the histone methyltransferase SUV39H1 to the rDNA loci [135]. Con-
sistent with this role, PHF6 was shown to suppress the transcription of rRNA, while PHF6
knockdown and PHF6 mutations resulted in elevated levels of rRNA production [135,136].
PHF8 knockdown models show a reduced expression of rRNA, while PHF8 overexpression
results in upregulation of rRNA [137]. Like the other chromatin-modifying proteins dis-
cussed, both proteins have distinct roles in maintaining rRNA homeostasis, and pathogenic
variants of each result in similar phenotypic outcomes in humans. Further work is required
to dissect how exactly rRNA misregulation contributes to the clinical outcomes seen in
these and other disorders discussed in this review.

5. Conclusions and Future Perspectives

In this review, we focused on the maintenance of rDNA transcription, but it should be
noted that many chromatin remodelers also participate in DNA damage repair on tDNA; these
have been addressed in several excellent reviews [131,138,139]. Maintaining the chromatin
state of rDNA is at the heart of maintaining a homeostasis of ribosome biogenesis. Chromatin
architecture at this locus is dynamic depending on cellular needs; thus, it necessitates a myriad
of factors to maintain rRNA transcriptional homeostasis to preserve the ensuing downstream
ribosome biogenesis. Major chromatin remodeling proteins and complexes are implicated in
both the activation and repression of rDNA expression. NoRC is especially important for acting
as a repressive force on the chromatin at rDNA, with the chromatin accumulating H3K9me3
in its wake and throttling rRNA output, ultimately resulting in reduced cellular proliferation
(Figure 5). Others act as activators, such as NuRD and CSB, working together to establish
a poised state and then the fully active state of the rDNA loci, respectively (Figures 3 and 4).
While not acting as a transcriptional activator per se, the chromatin remodeler ATRX maintains
the integrity of the genome at rDNA repeats, ensuring that the copy number is not lost
during replication and that rRNA output can thus be maintained (Figure 6). Still other
proteins, including ATP-dependent helicases and non-enzymatic transcription factors, act as
both repressors and activators to modulate rRNA transcription.

A common theme with all the proteins and protein complex subunits discussed in this
review is that they are implicated in congenital human disorders, usually of a severe and incur-
able nature. Some key questions remaining are as follows: (1) How do the changes in rDNA
expression caused by mutant remodeling complexes contribute to the phenotypes observed
for these complex neurodevelopmental disorders? (2) Should altered rDNA chromatin be
considered a novel class of ribosomopathies? (3) Can rRNA dysregulation represent a potential
target for clinical management of these diseases? Strengthening the research on the precise
links between chromatin remodeling at rDNA loci and its effect on ribosome biogenesis and
disease pathogenesis is bound to help answer these questions and will prove fruitful in the
exploration of avenues for the clinical management of these currently incurable syndromes.
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The following abbreviations are used in this manuscript:

ADD
ALT
ASD
ATRX
BAF

BAZ
BFLS
BLM
CHD

CS

CSA

CSB
DNMT
FC
HDAC1/2
1D

1GS
INO80
iPSC
ISWI
JmjC
MBD
MEF
mESC
MTA1/2/3
mTOR
NCL
NoRC
NuRD
PCAF
RBBP
RFB
rDNA
SIHIWES
SL1
SNIBCPS
SWI/SNF
TAM
TBP
TC-NER
TEM

TF

TIP5

TSS
TTF-1
U3snoRNP
UBF
WRN
WSTF

ATRX-DNMT3-DNMT3L

Alternative lengthening of telomeres
Autism spectrum disorder
Alpha-thalassemia mental retardation X-linked
BRG1/BRM-associated factor complex
Bromodomain adjacent to zinc finger
Borjeson-Forssman-Lehmann syndrome
Bloom syndrome RecQ-like helicase
Chromodomain helicase DNA-binding
Cockayne syndrome

Cockayne syndrome A

Cockayne syndrome B

DNA methyl-transferase

Fibrillar centre

Histone deacetylase 1/2

Intellectual disability

Intergenic spacer

Inositol requiring 80

Induced pluripotent stem cell

Imitation switch

Jumonji C-terminal

Methyl CpG-binding domain

Mouse embryonic fibroblast

Mouse embryonic stem cell
Metastasis-associated gene 1/2/3
Mammalian target of rapamycin
Nucleolin

Nucleolar remodeling complex
Nucleosome remodeling and deacetylase complex
p300/CBP-associated factor
Retinoblastoma-binding protein
Replication fork barrier

Ribosomal DNA

Sifrim-Heitz—Weiss syndrome

Selective factor 1

Snijders Blok-Campeau syndrome
Switch/sucrose non-fermenting
TIP5/ARBP/MBD

TATA-binding protein
Transcription-coupled nucleotide excision repair
Transmission electron microscopy
Transcription factor

TTF-1 binding protein 5

Transcription start site

Transcription termination factor 1

U3 small nucleolar ribonuclear protein
Upstream binding factor

Werner syndrome ATP-dependent helicase
Williams syndrome transcription factor



Int. J. Mol. Sci. 2025, 26, 1772 16 of 21

References

1. Farley-Barnes, K.I.; Ogawa, L.M.; Baserga, S.J. Ribosomopathies: Old Concepts, New Controversies. Trends Genet. 2019, 35,
754-767. [CrossRef] [PubMed]

2. Nij, C,; Buszczak, M. Ribosome biogenesis and function in development and disease. Development 2023, 150, dev201187. [CrossRef]
[PubMed]

3. Sharifi, S.; Bierhoff, H. Regulation of RNA Polymerase i Transcription in Development, Disease, and Aging. Annu. Rev. Biochem.
2018, 87, 51-73. [CrossRef]

4. Henderson, A.S.; Warburton, D.; Atwood, K.C. Location of ribosomal DNA in the human chromosome complement. Proc. Natl.
Acad. Sci. USA 1972, 69, 3394-3398. [CrossRef] [PubMed]

5. Sanij, E.; Poortinga, G.; Sharkey, K.; Hung, S.; Holloway, T.P.; Quin, J.; Robb, E.; Wong, L.H.; Thomas, W.G.; Stefanovsky, V.; et al.
UBEF levels determine the number of active ribosomal RNA genes in mammals. J. Cell Biol. 2008, 183, 1259-1274. [CrossRef]
[PubMed]

6.  Waldron, C.; Lacroute, F. Effect of growth rate on the amounts of ribosomal and transfer ribonucleic acids in yeast. J. Bacteriol.
1975, 122, 855-865. [CrossRef] [PubMed]

7. Geiduschek, E.P; Tocchini-Valentini, G.P. Transcription by RNA polymerase III. Annu. Rev. Biochem. 1988, 57, 873-914. [CrossRef]

8.  Gerber, J.-K.; Gogel, E.; Berger, C.; Wallisch, M.; Miiller, F.; Grummt, I.; Grummt, F. Termination of mammalian rDNA replication:
Polar arrest of replication fork movement by transcription termination factor TTF-I. Cell 1997, 90, 559-567. [CrossRef]

9. Akamatsu, Y.; Kobayashi, T. The Human RNA Polymerase I Transcription Terminator Complex Acts as a Replication Fork Barrier
That Coordinates the Progress of Replication with rRNA Transcription Activity. Mol. Cell. Biol. 2015, 35, 1871-1881. [CrossRef]
[PubMed]

10. Mayer, C.; Schmitz, K.M.; Li, J.; Grummt, I.; Santoro, R. Intergenic Transcripts Regulate the Epigenetic State of rRNA Genes. Mol.
Cell 2006, 22, 351-361. [CrossRef]

11. Kobayashi, T.; Nomura, M.; Horiuchi, T. Identification of DNA cis Elements Essential for Expansion of Ribosomal DNA Repeats
in Saccharomyces cerevisiae. Mol. Cell. Biol. 2001, 21, 136-147. [CrossRef] [PubMed]

12.  Kobayashi, T.; Ganley, A.R.D. Molecular biology: Recombination regulation by transcription-induced cohesin dissociation in
rDNA repeats. Science 2005, 309, 1581-1584. [CrossRef] [PubMed]

13.  Santoro, R.; Grummt, I. Epigenetic Mechanism of rRNA Gene Silencing: Temporal Order of NoRC-Mediated Histone Modification,
Chromatin Remodeling, and DNA Methylation. Mol. Cell. Biol. 2005, 25, 2539-2546. [CrossRef] [PubMed]

14. Mayer, C.; Zhao, J.; Yuan, X.; Grummt, I. mTOR-dependent activation of the transcription factor TIF-IA links rRNA synthesis to
nutrient availability. Genes Dev. 2004, 18, 423-434. [CrossRef] [PubMed]

15. Hannan, K.M.,; Brandenburger, Y.; Jenkins, A.; Sharkey, K.; Cavanaugh, A.; Rothblum, L.; Moss, T.; Poortinga, G.; McArthur,
G.A,; Pearson, R.B.; et al. mMTOR-Dependent Regulation of Ribosomal Gene Transcription Requires S6K1 and Is Mediated by
Phosphorylation of the Carboxy-Terminal Activation Domain of the Nucleolar Transcription Factor UBF. Mol. Cell. Biol. 2003, 23,
8862-8877. [CrossRef] [PubMed]

16. Zhao, ].; Yuan, X.; Frodin, M.; Grummt, I. ERK-dependent phosphorylation of the transcription initiation factor TIF-IA is required
for RNA polymerase I transcription and cell growth. Mol. Cell 2003, 11, 405-413. [CrossRef]

17.  Jantzen, H.-M.; Admon, A.; Bell, S.P; Tjian, R. Nucleolar transcription factor hUBF contains a DNA-binding motif with homology
to HMG proteins. Nature 1990, 344, 830-836. [CrossRef] [PubMed]

18.  Bell, S.P; Jantzen, H.M.; Tjian, R. Assembly of alternative multiprotein complexes directs rRNA promoter selectivity. Genes Dev.
1990, 4, 943-954. [CrossRef] [PubMed]

19. Jantzen, HM.; Chow, A.M.; King, D.S,; Tjian, R. Multiple domains of the RNA polymerase I activator hUBF interact with the
TATA-binding protein complex hSL1 to mediate transcription. Genes Dev. 1992, 6, 1950-1963. [CrossRef] [PubMed]

20. Learned, RM,; Learned, T.K.; Haltiner, M.M,; Tjian, R.T. Human rRNA transcription is modulated by the coordinate binding of
two factors to an upstream control element. Cell 1986, 45, 847-857. [CrossRef]

21. Learned, RM.; Cordes, S.; Tjian, R. Purification and characterization of a transcription factor that confers promoter specificity to
human RNA polymerase I. Mol. Cell. Biol. 1985, 5, 1358-1369.

22. Edvardson, S.; Nicolae, C.M.; Agrawal, P.B.; Mignot, C.; Payne, K.; Prasad, A.N.; Prasad, C.; Sadler, L.; Nava, C.; Mullen, T.E,; et al.
Heterozygous De Novo UBTF Gain-of-Function Variant Is Associated with Neurodegeneration in Childhood. Am. J. Hum. Genet.
2017, 101, 267-273. [CrossRef]

23.  Grummt, I.; Rosenbauer, H.; Niedermeyer, I.; Maier, U.; Ohrlein, A. A repeated 18 bp sequence motif in the mouse rDNA spacer
mediates binding of a nuclear factor and transcription termination. Cell 1986, 45, 837-846. [CrossRef] [PubMed]

24. Kuhn, A;; Normann, A.; Bartsch, I.; Grummt, I. The mouse ribosomal gene terminator consists of three functionally separable

sequence elements. EMBO J. 1988, 7, 1497-1502. [CrossRef] [PubMed]


https://doi.org/10.1016/j.tig.2019.07.004
https://www.ncbi.nlm.nih.gov/pubmed/31376929
https://doi.org/10.1242/dev.201187
https://www.ncbi.nlm.nih.gov/pubmed/36897354
https://doi.org/10.1146/annurev-biochem-062917-012612
https://doi.org/10.1073/pnas.69.11.3394
https://www.ncbi.nlm.nih.gov/pubmed/4508329
https://doi.org/10.1083/jcb.200805146
https://www.ncbi.nlm.nih.gov/pubmed/19103806
https://doi.org/10.1128/jb.122.3.855-865.1975
https://www.ncbi.nlm.nih.gov/pubmed/1097403
https://doi.org/10.1146/annurev.bi.57.070188.004301
https://doi.org/10.1016/S0092-8674(00)80515-2
https://doi.org/10.1128/MCB.01521-14
https://www.ncbi.nlm.nih.gov/pubmed/25776556
https://doi.org/10.1016/j.molcel.2006.03.028
https://doi.org/10.1128/MCB.21.1.136-147.2001
https://www.ncbi.nlm.nih.gov/pubmed/11113188
https://doi.org/10.1126/science.1116102
https://www.ncbi.nlm.nih.gov/pubmed/16141077
https://doi.org/10.1128/MCB.25.7.2539-2546.2005
https://www.ncbi.nlm.nih.gov/pubmed/15767661
https://doi.org/10.1101/gad.285504
https://www.ncbi.nlm.nih.gov/pubmed/15004009
https://doi.org/10.1128/MCB.23.23.8862-8877.2003
https://www.ncbi.nlm.nih.gov/pubmed/14612424
https://doi.org/10.1016/S1097-2765(03)00036-4
https://doi.org/10.1038/344830a0
https://www.ncbi.nlm.nih.gov/pubmed/2330041
https://doi.org/10.1101/gad.4.6.943
https://www.ncbi.nlm.nih.gov/pubmed/2384215
https://doi.org/10.1101/gad.6.10.1950
https://www.ncbi.nlm.nih.gov/pubmed/1398072
https://doi.org/10.1016/0092-8674(86)90559-3
https://doi.org/10.1016/j.ajhg.2017.07.002
https://doi.org/10.1016/0092-8674(86)90558-1
https://www.ncbi.nlm.nih.gov/pubmed/3458534
https://doi.org/10.1002/j.1460-2075.1988.tb02968.x
https://www.ncbi.nlm.nih.gov/pubmed/2900760

Int. J. Mol. Sci. 2025, 26, 1772 17 of 21

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Langst, G.; Blank, T.A.; Becker, P.B.; Grummt, I. RNA polymerase I transcription on nucleosomal templates: The transcription
termination factor TTF-I induces chromatin remodeling and relieves transcriptional repression. EMBO ]. 1997, 16, 760-768.
[CrossRef] [PubMed]

Guetg, C.; Lienemann, P; Sirri, V.; Grummt, I.; Hernandez-Verdun, D.; OHottiger, M.; Fussenegger, M.; Santoro, R. The NoRC
complex mediates the heterochromatin formation and stability of silent rRNA genes and centromeric repeats. EMBO J. 2010, 29,
2135-2146. [CrossRef]

Dang, C.V. c-Myc Target Genes Involved in Cell Growth, Apoptosis, and Metabolism. Mol. Cell. Biol. 1999, 19, 1-11. [CrossRef]
Grandori, C.; Cowley, S.M.; James, L.P,; Eisenman, R.N. The Myc/Max/Mad network and the transcriptional control of cell
behavior. Annu. Rev. Cell Dev. Biol. 2000, 16, 653—-699. [CrossRef]

Grandori, C.; Gomez-Roman, N.; Felton-Edkins, Z.A.; Ngouenet, C.; Galloway, D.A.; Eisenman, R.N.; White, R.J. c-Myc binds
to human ribosomal DNA and stimulates transcription of rRNA genes by RNA polymerase I. Nat. Cell Biol. 2005, 7, 311-318.
[CrossRef] [PubMed]

Shiue, C.N.; Berkson, R.G.; Wright, A P.H. C-Myc induces changes in higher order rDNA structure on stimulation of quiescent
cells. Oncogene 2009, 28, 1833-1842. [CrossRef]

Chan, J.C,; Hannan, K.M.,; Riddell, K.; Ng, P.Y.; Peck, A.; Lee, R.S.; Hung, S.; Astle, M.V.; Bywater, M.; Wall, M.; et al. AKT
promotes rRNA synthesis and cooperates with c-MYC to stimulate ribosome biogenesis in cancer. Sci. Signal. 2011, 4, ra56.
[CrossRef]

Campbell, K.J.; White, R.J. MYC regulation of cell growth through control of transcription by RNA polymerases I and III. Cold
Spring Harb. Perspect. Med. 2014, 4, a018408. [CrossRef] [PubMed]

Gourisankar, S.; Krokhotin, A.; Wenderski, W.; Crabtree, G.R. Context-specific functions of chromatin remodellers in development
and disease. Nat. Rev. Genet. 2023, 25, 340-361. [CrossRef] [PubMed]

Clapier, C.R.; Iwasa, J.; Cairns, B.R.; Peterson, C.L. Mechanisms of action and regulation of ATP-dependent chromatin-remodelling
complexes. Nat. Rev. Mol. Cell Biol. 2017, 18, 407-422. [CrossRef] [PubMed]

Oppikofer, M,; Bai, T.; Gan, Y.; Haley, B,; Liu, P; Sandoval, W.; Ciferri, C.; Cochran, A.G. Expansion of the ISWI chromatin
remodeler family with new active complexes. EMBO Rep. 2017, 18, 1697-1706. [CrossRef] [PubMed]

Goodwin, L.R; Picketts, D.]J. The role of ISWI chromatin remodeling complexes in brain development and neurodevelopmental
disorders. Mol. Cell. Neurosci. 2018, 87, 55-64. [CrossRef] [PubMed]

Alendar, A. Rise of the Chromodomain Helicase DNA-Binding (CHD) Chromatin Remodelling Machines. In Encyclopedia of Life
Sciences; Wiley: Hoboken, NJ, USA, 2023; pp. 1-32. [CrossRef]

Poli, J.; Gasser, S.M.; Papamichos-Chronakis, M. The INO80 remodeller in transcription, replication and repair. Philos. Trans. R.
Soc. B Biol. Sci. 2017, 372, 20160290. [CrossRef] [PubMed]

Boulasiki, P; Tan, X.W.; Spinelli, M.; Riccio, A. The NuRD Complex in Neurodevelopment and Disease: A Case of Sliding Doors.
Cells 2023, 12, 1179. [CrossRef] [PubMed]

Bure, 1.V.; Nemtsova, M.V. Mutual Regulation of ncRNAs and Chromatin Remodeling Complexes in Normal and Pathological
Conditions. Int. . Mol. Sci. 2023, 24, 7848. [CrossRef]

Guo, D.-C; Duan, X.-Y.; Regalado, E.S.; Mellor-Crummey, L.; Kwartler, C.S.; Kim, D.; Lieberman, K.; De Vries, B.B.A.; Pfundt, R,;
Schinzel, A.; et al. Loss-of-Function Mutations in YY1AP1 Lead to Grange Syndrome and a Fibromuscular Dysplasia-Like
Vascular Disease. Am. |. Hum. Genet. 2017, 100, 21-30. [CrossRef]

Timpano, S.; Picketts, D.]. Neurodevelopmental Disorders Caused by Defective Chromatin Remodeling: Phenotypic Complexity
Is Highlighted by a Review of ATRX Function. Front. Genet. 2020, 11, 885. [CrossRef]

Sasaki, M.; Ogiwara, H. Synthetic lethal therapy based on targeting the vulnerability of SWI/SNF chromatin remodeling
complex-deficient cancers. Cancer Sci. 2020, 111, 774-782. [CrossRef]

Snijders Blok, L.; Rousseau, J.; Twist, J.; Ehresmann, S.; Takaku, M.; Venselaar, H.; Rodan, L.H.; Nowak, C.B.; Douglas, J.;
Swoboda, K.J.; et al. CHD3 helicase domain mutations cause a neurodevelopmental syndrome with macrocephaly and impaired
speech and language. Nat. Commun. 2018, 9, 4619. [CrossRef]

Picketts, D.J.; Higgs, D.R.; Bachoo, S.; Blake, D.J.; Quarrell, O.W.].; Gibbons, R.J. ATRX encodes a novel member of the SNF2 family
of proteins: Mutations point to a common mechanism underlying the ATR-X syndrome. Hum. Mol. Genet. 1996, 5, 1899-1907.
[CrossRef] [PubMed]

Kleefstra, T.; Schenck, A.; Kramer, ].M.; Van Bokhoven, H. The genetics of cognitive epigenetics. Neuropharmacology 2014, 80,
83-94. [CrossRef]

Laugel, V.; Dalloz, C.; Durand, M.; Sauvanaud, F,; Kristensen, U.; Vincent, M.C.; Pasquier, L.; Odent, S.; Cormier-Daire, V.;
Gener, B.; et al. Mutation update for the CSB/ERCC6 and CSA/ERCCS genes involved in Cockayne syndrome. Hum. Mutat. 2010,
31, 113-126. [CrossRef] [PubMed]

Bradsher, J.; Auriol, J.; de Santis, L.P.; Iben, S.; Vonesch, J.-L.; Grummt, I.; Egly, ].-M. CSB is a component of RNA pol I transcription.
Mol. Cell 2002, 10, 819-829. [CrossRef]


https://doi.org/10.1093/emboj/16.4.760
https://www.ncbi.nlm.nih.gov/pubmed/9049305
https://doi.org/10.1038/emboj.2010.17
https://doi.org/10.1128/MCB.19.1.1
https://doi.org/10.1146/annurev.cellbio.16.1.653
https://doi.org/10.1038/ncb1224
https://www.ncbi.nlm.nih.gov/pubmed/15723054
https://doi.org/10.1038/onc.2009.21
https://doi.org/10.1126/scisignal.2001754
https://doi.org/10.1101/cshperspect.a018408
https://www.ncbi.nlm.nih.gov/pubmed/24789877
https://doi.org/10.1038/s41576-023-00666-x
https://www.ncbi.nlm.nih.gov/pubmed/38001317
https://doi.org/10.1038/nrm.2017.26
https://www.ncbi.nlm.nih.gov/pubmed/28512350
https://doi.org/10.15252/embr.201744011
https://www.ncbi.nlm.nih.gov/pubmed/28801535
https://doi.org/10.1016/j.mcn.2017.10.008
https://www.ncbi.nlm.nih.gov/pubmed/29249292
https://doi.org/10.1002/9780470015902.a0029448
https://doi.org/10.1098/rstb.2016.0290
https://www.ncbi.nlm.nih.gov/pubmed/28847827
https://doi.org/10.3390/cells12081179
https://www.ncbi.nlm.nih.gov/pubmed/37190088
https://doi.org/10.3390/ijms24097848
https://doi.org/10.1016/j.ajhg.2016.11.008
https://doi.org/10.3389/fgene.2020.00885
https://doi.org/10.1111/cas.14311
https://doi.org/10.1038/s41467-018-06014-6
https://doi.org/10.1093/hmg/5.12.1899
https://www.ncbi.nlm.nih.gov/pubmed/8968741
https://doi.org/10.1016/j.neuropharm.2013.12.025
https://doi.org/10.1002/humu.21154
https://www.ncbi.nlm.nih.gov/pubmed/19894250
https://doi.org/10.1016/S1097-2765(02)00678-0

Int. J. Mol. Sci. 2025, 26, 1772 18 of 21

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Yuan, X.; Feng, W.; Imhof, A.; Grummt, I.; Zhou, Y. Activation of RNA Polymerase I Transcription by Cockayne Syndrome Group
B Protein and Histone Methyltransferase G9a. Mol. Cell 2007, 27, 585-595. [CrossRef] [PubMed]

Bieluszewska, A.; Wulfridge, P.; Doherty, ].; Ren, W.; Sarma, K. ATRX histone binding and helicase activities have distinct roles in
neuronal differentiation. Nucleic Acids Res. 2022, 50, 9162-9174. [CrossRef] [PubMed]

Bérubé, N.G.; Mangelsdorf, M.; Jagla, M.; Vanderluit, J.; Garrick, D.; Gibbons, R.J.; Higgs, D.R,; Slack, R.S.; Picketts, D.]. The
chromatin-remodeling protein ATRX is critical for neuronal survival during corticogenesis. J. Clin. Investig. 2005, 115, 258-267.
[CrossRef] [PubMed]

Kokavec, J.; Zikmund, T.; Savvulidi, F.; Kulvait, V.; Edelmann, W.; Skoultchi, A.I; Stopka, T. The ISWI ATPase Smarca5 (Snf2h)
Is Required for Proliferation and Differentiation of Hematopoietic Stem and Progenitor Cells. Stem Cells 2017, 35, 1614-1623.
[CrossRef]

Alvarez-Saavedra, M.; De Repentigny, Y.; Lagali, P.S.; Ram, E.V.S.R; Yan, K.; Hashem, E.; Ivanochko, D.; Huh, M.S.; Yang, D.;
Mears, A ].; et al. Snf2h-mediated chromatin organization and histone H1 dynamics govern cerebellar morphogenesis and neural
maturation. Nat. Commun. 2014, 5, 4181. [CrossRef] [PubMed]

Udugama, M.; Sanij, E.; Voon, H.PJ; Son, ].; Hii, L.; Henson, ].D.; Chan, EL.; Chang, ET.M.; Liu, Y.; Pearson, R.B.; et al. Ribosomal
DNA copy loss and repeat instability in ATRX-mutated cancers. Proc. Natl. Acad. Sci. USA 2018, 115, 4737-4742. [CrossRef]
Vintermist, A.; Bohm, S.; Sadeghifar, F.; Louvet, E.; Mansén, A.; Percipalle, P; Ostlund Farrants, A.K. The chromatin remodelling
complex B-WICH changes the chromatin structure and recruits histone acetyl-transferases to active rRNA genes. PLoS ONE 2011,
6, €19184. [CrossRef] [PubMed]

Xie, W.; Ling, T.; Zhou, Y.; Feng, W.; Zhu, Q.; Stunnenberg, H.G.; Grummt, I.; Tao, W. The chromatin remodeling complex NuRD
establishes the poised state of rRNA genes characterized by bivalent histone modifications and altered nucleosome positions.
Proc. Natl. Acad. Sci. USA 2012, 109, 8161-8166. [CrossRef]

Drivas, T.G.; Li, D.; Nair, D.; Alaimo, ].T.; Alders, M.; Altmiiller, J.; Barakat, T.S.; Bebin, E.M.; Bertsch, N.L.; Blackburn, PR.; et al.
A second cohort of CHD3 patients expands the molecular mechanisms known to cause Snijders Blok-Campeau syndrome. Eur. J.
Hum. Genet. 2020, 28, 1422-1431. [CrossRef]

Weiss, K.; Lazar, H.P; Kurolap, A.; Martinez, A.E; Paperna, T.; Cohen, L.; Smeland, M.F.; Whalen, S.; Heide, S.; Keren, B.; et al.
The CHD4-related syndrome: A comprehensive investigation of the clinical spectrum, genotype—phenotype correlations, and
molecular basis. Genet. Med. 2020, 22, 389-397. [CrossRef] [PubMed]

Parenti, I.; Lehalle, D.; Nava, C.; Torti, E.; Leitao, E.; Person, R.; Mizuguchi, T.; Matsumoto, N.; Kato, M.; Nakamura, K; et al.
Missense and truncating variants in CHD5 in a dominant neurodevelopmental disorder with intellectual disability, behavioral
disturbances, and epilepsy. Hum. Genet. 2021, 140, 1109-1120. [CrossRef] [PubMed]

Okur, M.N; Lee, J.-H.; Osmani, W.; Kimura, R.; Demarest, T.G.; Croteau, D.L.; ABohr, V. Cockayne syndrome group A and B
proteins function in rRNA transcription through nucleolin regulation. Nucleic Acids Res. 2020, 48, 2473-2485. [CrossRef]

Li, D.; Wang, Q.; Gong, N.N.; Kurolap, A.; Feldman, H.B.; Boy, N.; Brugger, M.; Grand, K.; McWalter, K.; Sacoto, M.].G.; et al.
Pathogenic variants in SMARCAS, a chromatin remodeler, cause a range of syndromic neurodevelopmental features. Sci. Adv.
2021, 7, eabf2066. [CrossRef] [PubMed]

Citterio, E.; Van Den Boom, V.; Schnitzler, G.; Kanaar, R.; Bonte, E.; Kingston, R.E.; Hoeijmakers, J.H.].; Vermeulen, W. ATP-
Dependent Chromatin Remodeling by the Cockayne Syndrome B DNA Repair-Transcription-Coupling Factor. Mol. Cell. Biol.
2000, 20, 7643-7653. [CrossRef]

Scheibye-Knudsen, M.; Tseng, A.; Jensen, M.B.; Scheibye-Alsing, K.; Fang, E.F.; Iyama, T.; Bharti, S.K.; Marosi, K.; Froetscher, L.;
Kassahun, H.; et al. Cockayne syndrome group A and B proteins converge on transcription-linked resolution of non-B DNA. Proc.
Natl. Acad. Sci. USA 2016, 113, 12502-12507. [CrossRef]

Karikkineth, A.C.; Scheibye-Knudsen, M.; Fivenson, E.; Croteau, D.L.; Bohr, V.A. Cockayne syndrome: Clinical features, model
systems and pathways. Ageing Res. Rev. 2017, 33, 3-17. [CrossRef]

Danussi, C.; Bose, P.; Parthasarathy, P.T.; Silberman, P.C.; Van Arnam, J.S.; Vitucci, M.; Tang, O.Y.; Heguy, A.; Wang, Y,;
Chan, T.A; et al. Atrx inactivation drives disease-defining phenotypes in glioma cells of origin through global epigenomic
remodeling. Nat. Commun. 2018, 9, 1057. [CrossRef]

Gibbons, R. Alpha thalassaemia-mental retardation, X linked. Orphanet |. Rare Dis. 2006, 1, 15. [CrossRef] [PubMed]

Troelstra, C.; Odijk, H.; De Wit, J.; Westerveld, A.; Thompson, L.H.; Bootsma, D.; Hoeijmakers, ].H.]. Molecular cloning of the
human DNA excision repair gene ERCC-6. Mol. Cell. Biol. 1990, 10, 5806-5813. [PubMed]

Proietti-De-Santis, L.; Drané, P.; Egly, ].M. Cockayne syndrome B protein regulates the transcriptional program after UV irradiation.
EMBO J. 2006, 25, 1915-1923. [CrossRef]

Yu, A.; Fan, H.Y,; Liao, D.; Bailey, A.D.; Weiner, A.M. Activation of p53 or loss of the Cockayne syndrome group B repair protein
causes metaphase fragility of human U1, U2, and 55 genes. Mol. Cell 2000, 5, 801-810. [CrossRef] [PubMed]

Balajee, A.S.; May, A.; Dianov, G.L.; Friedberg, E.C.; Bohr, V.A. Reduced RNA polymerase II transcription in intact and
permeabilized Cockayne syndrome group B cells. Proc. Natl. Acad. Sci. USA 1997, 94, 4306-4311. [CrossRef] [PubMed]


https://doi.org/10.1016/j.molcel.2007.06.021
https://www.ncbi.nlm.nih.gov/pubmed/17707230
https://doi.org/10.1093/nar/gkac683
https://www.ncbi.nlm.nih.gov/pubmed/35998910
https://doi.org/10.1172/JCI200522329
https://www.ncbi.nlm.nih.gov/pubmed/15668733
https://doi.org/10.1002/stem.2604
https://doi.org/10.1038/ncomms5181
https://www.ncbi.nlm.nih.gov/pubmed/24946904
https://doi.org/10.1073/pnas.1720391115
https://doi.org/10.1371/journal.pone.0019184
https://www.ncbi.nlm.nih.gov/pubmed/21559432
https://doi.org/10.1073/pnas.1201262109
https://doi.org/10.1038/s41431-020-0654-4
https://doi.org/10.1038/s41436-019-0612-0
https://www.ncbi.nlm.nih.gov/pubmed/31388190
https://doi.org/10.1007/s00439-021-02283-2
https://www.ncbi.nlm.nih.gov/pubmed/33944996
https://doi.org/10.1093/nar/gkz1242
https://doi.org/10.1126/sciadv.abf2066
https://www.ncbi.nlm.nih.gov/pubmed/33980485
https://doi.org/10.1128/MCB.20.20.7643-7653.2000
https://doi.org/10.1073/pnas.1610198113
https://doi.org/10.1016/j.arr.2016.08.002
https://doi.org/10.1038/s41467-018-03476-6
https://doi.org/10.1186/1750-1172-1-15
https://www.ncbi.nlm.nih.gov/pubmed/16722615
https://www.ncbi.nlm.nih.gov/pubmed/2172786
https://doi.org/10.1038/sj.emboj.7601071
https://doi.org/10.1016/S1097-2765(00)80320-2
https://www.ncbi.nlm.nih.gov/pubmed/10882116
https://doi.org/10.1073/pnas.94.9.4306
https://www.ncbi.nlm.nih.gov/pubmed/9113985

Int. J. Mol. Sci. 2025, 26, 1772 19 of 21

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Hershman, S.G.; Chen, Q.; Lee, ].Y.; Kozak, M.L.; Yue, P.; Wang, L.S.; Johnson, E.B. Genomic distribution and functional analyses
of potential G-quadruplex-forming sequences in Saccharomyces cerevisiae. Nucleic Acids Res. 2008, 36, 144-156. [CrossRef]
Datta, A.; Pollock, K.J.; Kormuth, K.A.; Brosh, R M. G-Quadruplex Assembly by Ribosomal DNA: Emerging Roles in Disease
Pathogenesis and Cancer Biology. Cytogenet. Genome Res. 2021, 161, 285-296. [CrossRef]

Bradford, P.T.; Goldstein, A.M.; Tamura, D.; Khan, S.G.; Ueda, T.; Boyle, J.; Oh, K.-S.; Imoto, K.; Inui, H.; Moriwaki, S.-I1.; et al.
Cancer and neurologic degeneration in xeroderma pigmentosum: Long term follow-up characterises the role of DNA repair.
J. Med. Genet. 2011, 48, 168-176. [CrossRef]

Xue, Y.; Wong, J.; Moreno, G.; Young, M.K,; C6té, ].; Wang, W. NURD, a novel complex with both ATP-dependent chromatin-
remodeling and histone deacetylase activities. Mol. Cell 1998, 2, 851-861. [CrossRef] [PubMed]

Kraushaar, D.C.; Chen, Z,; Tang, Q.; Cui, K.; Zhang, J.; Zhao, K. The gene repressor complex NuRD interacts with the histone
variant H3.3 at promoters of active genes. Genome Res. 2018, 28, 1646-1655. [CrossRef]

Zhang, Y.; LeRoy, G.; Seelig, H.P,; Lane, W.S.; Reinberg, D. The dermatomyositis-specific autoantigen Mi2 is a component of a
complex containing histone deacetylase and nucleosome remodeling activities. Cell 1998, 95, 279-289. [CrossRef] [PubMed]
Kolla, V.; Naraparaju, K.; Zhuang, T.; Higashi, M.; Kolla, S.; Blobel, G.A.; Brodeur, G.M. The tumour suppressor CHD5 forms a
NuRD-type chromatin remodelling complex. Biochem. ]. 2015, 468, 345-352. [CrossRef]

Tong, ].K,; Hassig, C.A.; Schnitzler, G.R.; Kingston, R.E.; Schreiber, S.L. Chromatin deacetylation by an ATP-dependent nucleosome
remodelling complex. Nature 1998, 395, 917-921. [CrossRef]

Wade, P.A; Gegonne, A.; Jones, P.L.; Ballestar, E.; Aubry, E; Wolffe, A.P. Mi-2 complex couples DNA methylation to chromatin
remodelling and histone deacetylation. Nat. Genet. 1999, 23, 62—-66. [CrossRef]

Brackertz, M.; Boeke, J.; Zhang, R.; Renkawitz, R. Two highly related p66 proteins comprise a new family of potent transcriptional
repressors interacting with MBD2 and MBD3. J. Biol. Chem. 2002, 277, 40958-40966. [CrossRef] [PubMed]

Brackertz, M.; Gong, Z.; Leers, J.; Renkawitz, R. p66«x and p66f3 of the Mi-2/NuRD complex mediate MBD2 and histone
interaction. Nucleic Acids Res. 2006, 34, 397-406. [CrossRef]

Roche, A.E.; Bassett, B.].; Samant, S.A.; Hong, W.; Blobel, G.A.; Svensson, E.C. The zinc finger and C-terminal domains of MTA
proteins are required for FOG-2-mediated transcriptional repression via the NuRD complex. J. Mol. Cell. Cardiol. 2008, 44, 352-360.
[CrossRef] [PubMed]

Nitarska, J.; Smith, J.G.; Sherlock, W.T.; Hillege, M.M.; Nott, A.; Barshop, W.D.; Vashisht, A.A.; Wohlschlegel, ].A.; Mitter, R.;
Riccio, A. A Functional Switch of NuRD Chromatin Remodeling Complex Subunits Regulates Mouse Cortical Development. Cell
Rep. 2016, 17, 1683-1698. [CrossRef] [PubMed]

Yoshida, T.; Hazan, I.; Zhang, ].; Ng, S.Y.; Naito, T.; Snippert, H.].; Heller, E.J.; Qi, X.; Lawton, L.N.; Williams, C.J.; et al. The role of
the chromatin remodeler Mi-23 in hematopoietic stem cell self-renewal and multilineage differentiation. Genes Dev. 2008, 22,
1174-1189. [CrossRef] [PubMed]

Li, X,; Jia, S.; Wang, S.; Wang, Y.; Meng, A. Mta3-NuRD complex is a master regulator for initiation of primitive hematopoiesis in
vertebrate embryos. Blood 2009, 114, 5464-5472. [CrossRef] [PubMed]

Shen, M.; Zhou, T; Xie, W,; Ling, T.; Zhu, Q.; Zong, L.; Lyu, G.; Gao, Q.; Zhang, F; Tao, W. The Chromatin Remodeling Factor CSB
Recruits Histone Acetyltransferase PCAF to rRNA Gene Promoters in Active State for Transcription Initiation. PLoS ONE 2013,
8, €62668. [CrossRef] [PubMed]

Ling, T.; Xie, W.; Luo, M.; Shen, M.; Zhu, Q.; Zong, L.; Zhou, T,; Gu, J.; Lu, Z.; Zhang, F,; et al. CHD4/NuRD maintains
demethylation state of rDNA promoters through inhibiting the expression of the rDNA methyltransferase recruiter TIP5. Biochem.
Biophys. Res. Commun. 2013, 437, 101-107. [CrossRef]

Brown, S.E.; Szyf, M. Epigenetic Programming of the rRNA Promoter by MBD3. Mol. Cell. Biol. 2007, 27, 4938-4952. [CrossRef]
Pisansky, M.T.; Young, A.E.; O’connor, M.B.; Gottesman, L.I.; Bagchi, A.; Gewirtz, ].C. Mice lacking the chromodomain helicase
DNA-binding 5 chromatin remodeler display autism-like characteristics. Transl. Psychiatry 2017, 7, e1152. [CrossRef]

Strohner, R.; Nemeth, A.; Jansa, P.; Hofmann-Rohrer, U.; Santoro, R.; Langst, G.; Grummt, I. NoRC—A novel member of
mammalian ISWI-containing chromatin remodeling machines. EMBO J. 2001, 20, 4892-4900. [CrossRef]

Tallant, C.; Valentini, E.; Fedorov, O.; Overvoorde, L.; Ferguson, FEM.; Filippakopoulos, P.; Svergun, D.I.; Knapp, S.; Ciulli, A.
Molecular basis of histone tail recognition by human TIP5 PHD finger and bromodomain of the chromatin remodeling complex
NoRC. Structure 2015, 23, 80-92. [CrossRef] [PubMed]

Feng, Y.; Chen, S.; Zhou, M.; Zhang, J.; Min, J.; Liu, K. Crystal structure of the BAZ2B TAM domain. Heliyon 2022, 8, e09873.
[CrossRef] [PubMed]

Cavellan, E.; Asp, P; Percipalle, P; Farrants, A.K.O. The WSTF-SNF2h chromatin remodeling complex interacts with several
nuclear proteins in transcription. J. Biol. Chem. 2006, 281, 16264-16271. [CrossRef] [PubMed]

Zhou, Y.; Schmitz, K.-M.; Mayer, C.; Yuan, X.; Akhtar, A.; Grummt, I. Reversible acetylation of the chromatin remodelling complex
NoRC is required for non-coding RNA-dependent silencing. Nat. Cell Biol. 2009, 11, 1010-1016. [CrossRef] [PubMed]


https://doi.org/10.1093/nar/gkm986
https://doi.org/10.1159/000516394
https://doi.org/10.1136/jmg.2010.083022
https://doi.org/10.1016/S1097-2765(00)80299-3
https://www.ncbi.nlm.nih.gov/pubmed/9885572
https://doi.org/10.1101/gr.236224.118
https://doi.org/10.1016/S0092-8674(00)81758-4
https://www.ncbi.nlm.nih.gov/pubmed/9790534
https://doi.org/10.1042/BJ20150030
https://doi.org/10.1038/27699
https://doi.org/10.1038/12664
https://doi.org/10.1074/jbc.M207467200
https://www.ncbi.nlm.nih.gov/pubmed/12183469
https://doi.org/10.1093/nar/gkj437
https://doi.org/10.1016/j.yjmcc.2007.10.023
https://www.ncbi.nlm.nih.gov/pubmed/18067919
https://doi.org/10.1016/j.celrep.2016.10.022
https://www.ncbi.nlm.nih.gov/pubmed/27806305
https://doi.org/10.1101/gad.1642808
https://www.ncbi.nlm.nih.gov/pubmed/18451107
https://doi.org/10.1182/blood-2009-06-227777
https://www.ncbi.nlm.nih.gov/pubmed/19864643
https://doi.org/10.1371/journal.pone.0062668
https://www.ncbi.nlm.nih.gov/pubmed/23667505
https://doi.org/10.1016/j.bbrc.2013.06.045
https://doi.org/10.1128/MCB.01880-06
https://doi.org/10.1038/tp.2017.111
https://doi.org/10.1093/emboj/20.17.4892
https://doi.org/10.1016/j.str.2014.10.017
https://www.ncbi.nlm.nih.gov/pubmed/25533489
https://doi.org/10.1016/j.heliyon.2022.e09873
https://www.ncbi.nlm.nih.gov/pubmed/35865993
https://doi.org/10.1074/jbc.M600233200
https://www.ncbi.nlm.nih.gov/pubmed/16603771
https://doi.org/10.1038/ncb1914
https://www.ncbi.nlm.nih.gov/pubmed/19578370

Int. J. Mol. Sci. 2025, 26, 1772 20 of 21

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Chen, S.; Zhou, M.; Dong, A.; Loppnau, P.; Wang, M.; Min, ].; Liu, K. Structural basis of the TAM domain of BAZ2A in binding to
DNA or RNA independent of methylation status. J. Biol. Chem. 2021, 297, 101351. [CrossRef]

Dalcher, D.; Tan, ].Y.; Bersaglieri, C.; Pefia-Herndndez, R.; Vollenweider, E.; Zeyen, S.; Schmid, M.W.; Bianchi, V.; Butz, S,;
Roganowicz, M.; et al. BAZ 2A safeguards genome architecture of ground-state pluripotent stem cells. EMBO J. 2020, 39, e105606.
[CrossRef]

Leone, S.; Bir, D.; Slabber, C.F.; Dalcher, D.; Santoro, R. The RNA helicase DHX 9 establishes nucleolar heterochromatin, and this
activity is required for embryonic stem cell differentiation. EMBO Rep. 2017, 18, 1248-1262. [CrossRef]

Eleuteri, B.; Aranda, S.; Ernfors, P. NoRC Recruitment by H2A X Deposition at rRNA Gene Promoter Limits Embryonic Stem Cell
Proliferation. Cell Rep. 2018, 23, 1853-1866. [CrossRef]

Scott, TM.; Guo, H.; Eichler, E.E.; Rosenfeld, J.A.; Pang, K.; Liu, Z; Lalani, S.; Bi, W.; Yang, Y.; Bacino, C.A.; et al. BAZ2B
haploinsufficiency as a cause of developmental delay, intellectual disability, and autism spectrum disorder. Hum. Mutat. 2020, 41,
921-925. [CrossRef] [PubMed]

Breindl, M.; Spitzer, D.; Gerasimaité, R.; Kairys, V.; Schubert, T.; Henfling, R.; Schwartz, U.; Lukinavi¢ius, G.; Manelyte, L.
Biochemical and cellular insights into the BAZ2B protein, a non-catalytic subunit of the chromatin remodeling complex. Nucleic
Acids Res. 2023, 52, 337-354. [CrossRef] [PubMed]

Iwase, S.; Xiang, B.; Ghosh, S.; Ren, T.; Lewis, PW.; Cochrane, J.C.; Allis, C.D.; Picketts, D.J.; Patel, D.J.; Li, H.; et al. ATRX ADD
domain links an atypical histone methylation recognition mechanism to human mental-retardation syndrome. Nat. Struct. Mol.
Biol. 2011, 18, 769-776. [CrossRef] [PubMed]

Le Douarin, B.; Nielsen, A.L.; Garnier, ].M.; Ichinose, H.; Jeanmougin, F; Losson, R.; Chambon, P. A possible involvement of TIF1
alpha and TIF1 beta in the epigenetic control of transcription by nuclear receptors. EMBO ]. 1996, 23, 6701-6715. [CrossRef]
Tang, J.; Wu, S; Liu, H.; Stratt, R.; Barak, O.G.; Shiekhattar, R.; Picketts, D.].; Yang, X. A Novel Transcription Regulatory Complex
Containing Death Domain-associated Protein and the ATR-X Syndrome Protein. . Biol. Chem. 2004, 279, 20369-20377. [CrossRef]
[PubMed]

Goldberg, A.D.; Banaszynski, L.A.; Noh, K.-M.; Lewis, PW.; Elsaesser, S.J.; Stadler, S.; Dewell, S.; Law, M.; Guo, X,; Li, X,; et al.
Distinct Factors Control Histone Variant H3.3 Localization at Specific Genomic Regions. Cell 2010, 140, 678-691. [CrossRef] [PubMed]
Bérubé, N.G.; Healy, J.; Medina, C.F.; Wu, S.; Hodgson, T.; Jagla, M.; Picketts, D.]. Patient mutations alter ATRX targeting to PML
nuclear bodies. Eur. |. Hum. Genet. 2008, 16, 192-201. [CrossRef]

Nan, X.; Hou, J.; Maclean, A.; Nasir, J.; Lafuente, M.].; Shu, X.; Kriaucionis, S.; Bird, A. Interaction between chromatin proteins
MECP2 and ATRX is disrupted by mutations that cause inherited mental retardation. Proc. Natl. Acad. Sci. USA 2007, 104,
2709-2714. [CrossRef] [PubMed]

Law, M.].; Lower, KM.; Voon, H.P; Hughes, J.R.; Garrick, D.; Viprakasit, V.; Mitson, M.; De Gobbi, M.; Marra, M.; Morris, A.; et al.
ATR-X syndrome protein targets tandem repeats and influences allele-specific expression in a size-dependent manner. Cell 2010,
143, 367-378. [CrossRef] [PubMed]

Clynes, D,; Jelinska, C.; Xella, B.; Ayyub, H.; Taylor, S.; Mitson, M.; Bachrati, C.Z.; Higgs, D.R.; Gibbons, R.J. ATRX dysfunction
induces replication defects in primary mouse cells. PLoS ONE 2014, 9, €92915. [CrossRef]

Truch, J.; Downes, D.J.; Scott, C.; Giir, E.R; Telenius, ].M.; Repapi, E.; Schwessinger, R.; Gosden, M.; Brown, ].M.; Taylor, S.; et al.
The chromatin remodeller ATRX facilitates diverse nuclear processes, in a stochastic manner, in both heterochromatin and
euchromatin. Nat. Commun. 2022, 13, 3485. [CrossRef]

McDowell, T.L.; Gibbons, R.J.; Sutherland, H.; O’rourke, D.M.; Bickmore, W.A.; Pombo, A.; Turley, H.; Gatter, K.; Picketts, D.].;
Buckle, V.J.; et al. Localization of a putative transcriptional regulator (ATRX) at pericentromeric heterochromatin and the short
arms of acrocentric chromosomes. Proc. Natl. Acad. Sci. USA 1999, 96, 13983-13988. [CrossRef]

van Gerven, M.R,; Schild, L.; van Arkel, J.; Koopmans, B.; Broeils, L.A.; Meijs, L.A.M.; van Oosterhout, R.; van Noesel, M.M.;
Koster, J.; van Hooff, S.R.; et al. Two opposing gene expression patterns within ATRX aberrant neuroblastoma. PLoS ONE 2023,
18, €0289084. [CrossRef] [PubMed]

Scott, W.A.; Dhanji, E.Z.; Dyakov, B.J.A; Dreseris, E.S.; Asa, ]J.S.; Grange, L.J.; Mirceta, M.; Pearson, C.E.; Stewart, G.S,;
Gingras, A.-C.; et al. ATRX proximal protein associations boast roles beyond histone deposition. PLoS Genetics 2021, 17, €1009909.
[CrossRef] [PubMed]

Granneman, S. The human Imp3 and Imp4 proteins form a ternary complex with hMpp10, which only interacts with the U3
snoRNA in 60-80S ribonucleoprotein complexes. Nucleic Acids Res. 2003, 31, 1877-1887. [CrossRef]

Yan, Q.; Wulfridge, P.; Doherty, J.; Fernandez-Luna, J.L.; Real, PJ.; Tang, H.-Y.; Sarma, K. Proximity labeling identifies a repertoire
of site-specific R-loop modulators. Nat. Commun. 2022, 13, 53. [CrossRef] [PubMed]

Gibbons, R.J.; Picketts, D.J.; Villard, L.; Higgs, D.R. Mutations in a putative global transcriptional regulator cause X-linked mental
retardation with «-thalassemia (ATR-X syndrome). Cell 1995, 80, 837-845. [CrossRef] [PubMed]

Leén, N.Y.; Harley, V.R. ATR-X syndrome: Genetics, clinical spectrum, and management. Hum. Genet. 2021, 140, 1625-1634.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.jbc.2021.101351
https://doi.org/10.15252/embj.2020105606
https://doi.org/10.15252/embr.201744330
https://doi.org/10.1016/j.celrep.2018.04.023
https://doi.org/10.1002/humu.23992
https://www.ncbi.nlm.nih.gov/pubmed/31999386
https://doi.org/10.1093/nar/gkad1096
https://www.ncbi.nlm.nih.gov/pubmed/38000389
https://doi.org/10.1038/nsmb.2062
https://www.ncbi.nlm.nih.gov/pubmed/21666679
https://doi.org/10.1002/j.1460-2075.1996.tb01060.x
https://doi.org/10.1074/jbc.M401321200
https://www.ncbi.nlm.nih.gov/pubmed/14990586
https://doi.org/10.1016/j.cell.2010.01.003
https://www.ncbi.nlm.nih.gov/pubmed/20211137
https://doi.org/10.1038/sj.ejhg.5201943
https://doi.org/10.1073/pnas.0608056104
https://www.ncbi.nlm.nih.gov/pubmed/17296936
https://doi.org/10.1016/j.cell.2010.09.023
https://www.ncbi.nlm.nih.gov/pubmed/21029860
https://doi.org/10.1371/journal.pone.0092915
https://doi.org/10.1038/s41467-022-31194-7
https://doi.org/10.1073/pnas.96.24.13983
https://doi.org/10.1371/journal.pone.0289084
https://www.ncbi.nlm.nih.gov/pubmed/37540673
https://doi.org/10.1371/journal.pgen.1009909
https://www.ncbi.nlm.nih.gov/pubmed/34780483
https://doi.org/10.1093/nar/gkg300
https://doi.org/10.1038/s41467-021-27722-6
https://www.ncbi.nlm.nih.gov/pubmed/35013239
https://doi.org/10.1016/0092-8674(95)90287-2
https://www.ncbi.nlm.nih.gov/pubmed/7697714
https://doi.org/10.1007/s00439-021-02361-5
https://www.ncbi.nlm.nih.gov/pubmed/34524523

Int. J. Mol. Sci. 2025, 26, 1772 21 of 21

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Schwartzentruber, ].; Korshunov, A.; Liu, X.-Y.; Jones, D.T.W.; Pfaff, E.; Jacob, K.; Sturm, D.; Fontebasso, A.M.; Quang, D.-AK,;
Tonjes, M.; et al. Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature 2012, 482,
226-231. [CrossRef]

Jiao, Y.; Shi, C.; Edil, B.H.; de Wilde, R.E; Klimstra, D.S.; Maitra, A.; Schulick, R.D.; Tang, L.H.; Wolfgang, C.L.; Choti, M.A ; et al.
DAXX/ATRX, MEN1, and mTOR pathway genes are frequently altered in pancreatic neuroendocrine tumors. Science 2011, 331,
1199-1203. [CrossRef]

Yang, C.Y,; Liau, J.Y,; Huang, W.J.; Chang, Y.T.; Chang, M.C; Lee, ].C.; Tsai, ].-H.; Su, Y.-N.; Hung, C.-C.; Jeng, Y.-M. Targeted
next-generation sequencing of cancer genes identified frequent TP53 and ATRX mutations in leiomyosarcoma. Am. J. Transl. Res.
2015, 7, 2072-2081. [PubMed]

Lovejoy, C.A.; Li, W,; Reisenweber, S.; Thongthip, S.; Bruno, J.; de Lange, T.; De, S.; Petrini, ]. H.].; Sung, P.A.; Jasin, M.; et al. Loss
of ATRX, genome instability, and an altered DNA damage response are hallmarks of the alternative lengthening of Telomeres
pathway. PLoS Genet. 2012, 8, €1002772. [CrossRef] [PubMed]

Sadeghifar, F; Bohm, S.; Vintermist, A.; Ostlund Farrants, A.K. The B-WICH chromatin-remodelling complex regulates RNA
polymerase III transcription by promoting Max-dependent c-Myc binding. Nucleic Acids Res. 2015, 43, 4477-4490. [CrossRef] [PubMed]
Chen, L.; Huang, S.; Lee, L.; Davalos, A.; Schiestl, R.H.; Campisi, J.; Oshima, J. WRN, the protein deficient in Werner syndrome,
plays a critical structural role in optimizing DNA repair. Aging Cell 2003, 2, 191-199. [CrossRef] [PubMed]

Zhang, W.; Li, J.; Suzuki, K.; Qu, J.; Wang, P; Zhou, ].; Liu, X,; Ren, R.; Xu, X.; Ocampo, A.; et al. A Werner syndrome stem cell
model unveils heterochromatin alterations as a driver of human aging. Science 2015, 348, 1160-1163. [CrossRef] [PubMed]
Davies, S.L.; North, P.S.; Hickson, I.D. Role for BLM in replication-fork restart and suppression of origin firing after replicative
stress. Nat. Struct. Mol. Biol. 2007, 14, 677-679. [CrossRef] [PubMed]

Tan, J.; Wang, X.; Phoon, L.; Yang, H.; Lan, L. Resolution of ROS-induced G-quadruplexes and R-loops at transcriptionally active
sites is dependent on BLM helicase. FEBS Lett. 2020, 594, 1359-1367. [CrossRef]

Shiratori, M.; Suzuki, T; Itoh, C.; Goto, M.; Furuichi, Y.; Matsumoto, T. WRN helicase accelerates the transcription of ribosomal
RNA as a component of an RNA polymerase I-associated complex. Oncogene 2002, 21, 2447-2454. [CrossRef]

Grierson, PM,; Lillard, K.; Behbehani, G.K.; Combs, K.A.; Bhattacharyya, S.; Acharya, S.; Groden, J. BLM helicase facilitates RNA
polymerase I-mediated ribosomal RNA transcription. Hum. Mol. Genet. 2012, 21, 1172-1183. [CrossRef] [PubMed]

Hori, Y.; Shimamoto, A.; Kobayashi, T. The human ribosomal DNA array is composed of highly homogenized tandem clusters.
Genome Res. 2021, 31, 1971-1982. [CrossRef] [PubMed]

Killen, M.W,; Stults, D.M.; Adachi, N.; Hanakahi, L.; Pierce, A.J. Loss of Bloom syndrome protein destabilizes human gene cluster
architecture. Hum. Mol. Genet. 2009, 18, 3417-3428. [CrossRef] [PubMed]

Bohr, V.A.; Shamanna, R.A.; Croteau, D.L.; Lee, ].H. Recent Advances in Understanding Werner Syndrome. F1000Research 2017,
6,1779.

Ababou, M. Bloom syndrome and the underlying causes of genetic instability. Mol. Genet. Metab. 2021, 133, 35-48. [CrossRef]
Lower, KM.; Turner, G.; Kerr, B.A.; Mathews, K.D.; Shaw, M.A.; Gedeon, A.K; Schelley, S.; Hoyme, H.E.; White, S.M.;
Delatycki, M.B.; et al. Mutations in PHF6 are associated with Borjeson-Forssman-Lehmann syndrome. Nat. Genet. 2002, 32,
661-665. [CrossRef]

Abidi, FE.; Miano, M.G.; Murray, J.C.; Schwartz, C.E. A novel mutation in the PHF8 gene is associated with X-linked mental
retardation with cleft lip/cleft palate. Clin. Genet. 2007, 72, 19-22. [CrossRef] [PubMed]

Fortschegger, K.; de Graaf, P.; Outchkourov, N.S.; van Schaik, EM.A.; Timmers, H.T.M.; Shiekhattar, R. PHF8 Targets Histone
Methylation and RNA Polymerase II To Activate Transcription. Mol. Cell. Biol. 2010, 30, 3286-3298. [CrossRef]

Tsai, H.-I.; Wu, Y.; Huang, R; Su, D.; Wu, Y,; Liu, X.;; Wang, L.; Xu, Z.; Pang, Y.; Sun, C.; et al. PHF6 functions as a tumor
suppressor by recruiting methyltransferase SUV39H1 to nucleolar region and offers a novel therapeutic target for PHF6-muntant
leukemia. Acta Pharm. Sin. B 2022, 12, 1913-1927. [CrossRef]

Todd, M.A.M.; Huh, M.S,; Picketts, D.]J. The sub-nucleolar localization of PHF6 defines its role in rDNA transcription and early
processing events. Eur. |. Hum. Genet. 2016, 24, 1453-1459. [CrossRef]

Zhu, Z.; Wang, Y,; Li, X;; Wang, Y.; Xu, L.; Wang, X.; Sun, T.; Dong, X.; Chen, L.; Mao, H.; et al. PHF8 is a histone H3K9me2
demethylase regulating rRNA synthesis. Cell Res. 2010, 20, 794-801. [CrossRef] [PubMed]

Tiwari, V.; Baptiste, B.A.; Okur, M.N.; Bohr, V.A. Current and emerging roles of Cockayne syndrome group B (CSB) protein.
Nucleic Acids Res. 2021, 49, 2418-2434. [CrossRef]

Korsholm, L.M.; Gél, Z.; Nieto, B.; Quevedo, O.; Boukoura, S.; Lund, C.C.; Larsen, D.H. Recent advances in the nucleolar
responses to DNA double-strand breaks. Nucleic Acids Res. 2020, 48, 9449-9461. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nature10833
https://doi.org/10.1126/science.1200609
https://www.ncbi.nlm.nih.gov/pubmed/26692951
https://doi.org/10.1371/journal.pgen.1002772
https://www.ncbi.nlm.nih.gov/pubmed/22829774
https://doi.org/10.1093/nar/gkv312
https://www.ncbi.nlm.nih.gov/pubmed/25883140
https://doi.org/10.1046/j.1474-9728.2003.00052.x
https://www.ncbi.nlm.nih.gov/pubmed/12934712
https://doi.org/10.1126/science.aaa1356
https://www.ncbi.nlm.nih.gov/pubmed/25931448
https://doi.org/10.1038/nsmb1267
https://www.ncbi.nlm.nih.gov/pubmed/17603497
https://doi.org/10.1002/1873-3468.13738
https://doi.org/10.1038/sj.onc.1205334
https://doi.org/10.1093/hmg/ddr545
https://www.ncbi.nlm.nih.gov/pubmed/22106380
https://doi.org/10.1101/gr.275838.121
https://www.ncbi.nlm.nih.gov/pubmed/34407983
https://doi.org/10.1093/hmg/ddp282
https://www.ncbi.nlm.nih.gov/pubmed/19542097
https://doi.org/10.1016/j.ymgme.2021.03.003
https://doi.org/10.1038/ng1040
https://doi.org/10.1111/j.1399-0004.2007.00817.x
https://www.ncbi.nlm.nih.gov/pubmed/17594395
https://doi.org/10.1128/MCB.01520-09
https://doi.org/10.1016/j.apsb.2021.10.025
https://doi.org/10.1038/ejhg.2016.40
https://doi.org/10.1038/cr.2010.75
https://www.ncbi.nlm.nih.gov/pubmed/20531378
https://doi.org/10.1093/nar/gkab085
https://doi.org/10.1093/nar/gkaa713

	Introduction 
	Structural Organization and Transcription of the rDNA Repeats 
	Genomic Elements and Cell Signaling Pathways 
	Transcription Factors Involved in rDNA Transcription 
	Introduction to Chromatin Remodelers at the rDNA Locus 

	Defined Roles for Different Chromatin Remodeling Complexes in rDNA Regulation 
	Facilitation of rDNA Transcription by CSB 
	Priming of the rDNA Locus by the NuRD Complex 
	Maintenance of rDNA Repressive Heterochromatin by NoRC 
	Maintenance of Genomic Stability of rDNA by ATRX 

	Other Transcription Factors and Chromatin Regulators at rDNA 
	Conclusions and Future Perspectives 
	References

