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Dynamic redistribution and
Inheritance of chromatin:RNA
interactions during cell division

Emily Sparago', Reito Watanabe', Judith A. Sharp' and
Michael D. Blower*

Department of Biochemistry and Cell Biology, Boston University Chobanian and Avedisian School of
Medicine, Boston, MA, United States

During interphase, the nucleus contains a multitude of transcripts that influence
the function of chromatin and global structure of the nucleus. Nuclear transcripts
include nascent mMRNAs in the process of transcription and mRNA processing,
spliceosomal RNAs which catalyze mRNA processing, rRNAs that are being
transcribed and processed to assemble functional ribosomes, and sno- and
scaRNAs that participate in rRNA processing and modification. In addition,
there are long noncoding RNAs (IncRNA) that associate with chromatin to
control gene expression, or can even influence locus function in the case of
centromeres and telomeres. Most of our knowledge of the functions of nuclear
RNAs come from studies of interphase cells when the nuclear envelope separates
nuclear and cytoplasmic contents. However, during mitosis the nuclear envelope
breaks down, resulting in the mixing of nuclear and cytoplasmic components.
Much less is known about the regulation and function of nuclear RNAs during
mitosis. In this review, we discuss the cell cycle-dependent localization of different
categories of RNAs, how the trans-acting factors SAF-A and Ki-67 regulate mitotic
RNA localization, and describe how select categories of RNAs are inherited from
the previous cell cycle in G1.
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Introduction

In interphase the genome is organized into a series of chromatin loops through the loop
extrusion activity of the cohesin complex and the insulation factor CTCF (Dixon et al., 2012;
Rao et al,, 2014; Nora et al, 2017; Rao et al, 2017). Upon mitotic entry, the nucleus
undergoes rapid and extensive remodeling to prepare the chromosomes for segregation. At
the beginning of prophase, the kinases Plkl, AurKB, and Cdkl phosphorylate cohesin
(Waizenegger et al., 2000; Losada et al., 2002) and associated factors to remove all cohesin
loops and the majority of cohesive cohesin from chromosome arms (Naumova et al., 2013;
Gibcus et al.,, 2018). Concomitant with the loss of cohesin from chromosomes, the condensin
I and II complexes are loaded onto chromatin to create a series of nested chromatin loops
that dramatically compact chromatin (Gibcus et al., 2018).

At approximately the same time that chromatin begins to change shape and condense in
prophase, many changes occur that affect the function of nuclear RNAs. Transcription by all
three nuclear RNA polymerases is sharply attenuated (Gottesfeld and Forbes, 1997) and
transcription associated factors largely dissociate from chromosomes (Festuccia et al., 2017;
Gonzalez et al., 2021). In addition, the nucleolus dissolves and nucleolar components
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redistribute to the cytoplasm and chromosome surface (Van Hooser
et al., 2005; Boisvert et al., 2007; Hernandez-Verdun, 2011). Finally,
all known chromatin-associated RNAs are released from chromatin
and relocalized to the cytoplasm (Sharp et al., 2020). Collectively, the
macromolecular and structural changes associated with mitosis
impact the localization and function of all known nuclear RNAs.
This review will discuss the regulatory mechanisms and the
importance of redistributing nuclear RNAs during mitosis.

Chromatin-bound RNAs during mitosis

Genome-wide RNA profiling in human cells demonstrated that
a large proportion of the genome is transcribed, with around 75%
being involved in the production of diverse RNA molecules (Djebali
et al., 2012). This includes both protein-coding messenger RNAs
(mRNAs) and non-coding RNAs (ncRNAs), such as transfer RNA
(tRNA), ribosomal RNA (rRNA), small nucleolar RNA (snoRNA),
small nuclear RNA (snRNA), microRNA (miRNA), enhancer-
associated RNA (eRNA), and long non-coding RNA (IncRNA)
(Jurica and Moore, 2003; Licatalosi and Darnell, 2010; Phizicky
and Hopper, 2010; Lam et al., 2014; Dupuis-Sandoval et al., 2015;
Quinn and Chang, 2016; Sloan et al., 2017; Statello et al., 2021).
Chromatin-associated RNAs have a wide variety of functions during
interphase that have been described in several recent reviews,
highlighting a variety of techniques available for studying the
(Kato and
Carninci, 2020; Mattick et al, 2023). Our review will focus
specifically on the regulation and function of chromatin-RNA

functions and interactions of nuclear IncRNAs

interactions during mitosis. RNA molecules can interact with
chromatin using several different mechanisms. Newly transcribed
RNAs (called nascent RNAs) remain at their site of synthesis,
creating interactions between the RNA and nearby chromatin.
Secondly, RNAs may be released from their site of transcription
and interact with genomic loci at a distance through the binding of
specific adapter proteins (Li and Fu, 2019; Xiao et al., 2019). A third
mechanism of chromatin-RNA interaction is the formation of
R-loops, in which RNA and dsDNA form a triple helix termed a
R-loop. The formation, regulation and functions of R-loops are
described in a recent review (Niehrs and Luke, 2020).

During mitosis most transcription ceases, resulting in the
removal of nascent RNAs from chromatin. However, centromeres
are transcriptionally active during mitosis, and RNAPII and
centromere RNA (cenRNA) persist at centromere chromatin
(Ferri et al., 2009; Du et al., 2010; Chan et al.,, 2012; Quénet and
Dalal, 2014; Rosi¢ et al., 2014; Liu et al., 2015; Perea-Resa et al., 2020;
Chen et al,, 2021). The centromere is typically composed entirely of
simple repetitive sequences, with chromatin containing a specific
histone, CENP-A, that replaces the canonical H3 histone in the
nucleosome core particle (Earnshaw et al., 1986; Palmer et al., 1987;
Palmer et al., 1991; Sullivan et al., 1994; Sullivan et al.,, 2001;
McKinley 2016).
chromatin has been implicated in the persistence of active

and Cheeseman, Specialized centromeric
transcription during mitosis.

Recent genome-wide studies conducted on mouse and human
cells have revealed that many nucleolar ncRNAs, including snRNA,
snoRNA and rRNA, in mitotic chromosome

preparations (Mondal et al., 2010; Werner and Ruthenburg, 2015;

are present
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Meng et al., 2016; Sridhar et al., 2017; Werner et al., 2017; Bell et al.,
2018; Bonetti et al., 2020; Shen et al, 2022). These results are
consistent with previous reports showing that some of these
RNAs are not displaced from chromatin during mitosis but
become part of the perichromosomal layer made up of RNAs
and nucleolar proteins (Boisvert et al, 2007). At present, the
mitotic functions of perichromosomal layer RNAs are not well
understood.

Another example of chromatin-associated RNA during mitosis
is Telomeric Repeat-containing RNA (TERRA). That TERRA is
associated with transcriptionally silent metaphase chromosome
ends suggests that after its synthesis, at least a portion of TERRA
remains bound to telomeres. This association implies that TERRA
may have a role in maintaining the integrity and function of
telomeres, even during the condensed state of chromosomes in
metaphase (Azzalin et al., 2007).

While cenRNA and TERRA RNA mark important structural
features papers
demonstrated that silencing of nascent RNA transcription and

of metaphase chromosomes, recent have
eviction of most IncRNA or mRNA from chromatin is required for
accurate chromosome segregation (Perea-Resa et al., 2020; Sharp et al,,
2020). Perichromosomal layer RNAs may act in concert with
perichromosomal proteins to contribute to the overall function of
the layer, which is to promote chromosome individualization and
reformation of the nucleus at the end of mitosis (Cuylen et al,
2016; Cuylen-Haering et al., 2020; Fujimura et al,, 2020; Ma et al,
2022). A recent study of tracking chromatin-associated RNA during
chromatin maturation across the cell cycle showed that GA-rich-,
alpha-, and TERRA are still associated with replicated DNA in
Gl after mitosis (Gylling et al., 2020). Collectively these results show
that multiple pathways exist to regulate the association or dissociation of
transcripts with mitotic chromatin. We note that the net effect of
mitotic RNA localization is to create condensed chromosomes with
RNAs present at centromeres, telomeres, and in the perichromosomal
layer. We speculate these changes are important for creating important
spatial cues for regulatory proteins, or by changing biochemical
conditions present on the surface of mitotic chromosomes due to
the presence or absence of highly charged RNA molecules.

Centromere transcription and
centromere RNA

The centromere is the specific chromosomal region that controls
the proper segregation of chromosomes during cell division. It acts
as the assembly site for the kinetochore that binds to spindle
microtubules, which play a crucial role in segregating replicated
sister chromosomes during mitosis and meiosis. Most eukaryotic
centromeres are structured based on short tandem repeats that form
higher-order repeats (Pardue and Gall, 1970; Manuelidis and Wu,
1978; Altemose et al., 2022). However, the specific organization of
the centromere varies significantly among species and exhibits
substantial variation between individuals within the same species
(Wade et al., 2009; Shang et al., 2010; Melters et al., 2013). This
diversity in centromere organization might reflect the evolutionary
plasticity of centromeric DNA sequences and their ability to adapt to
species-specific or individual-specific requirements for proper
chromosome segregation (Henikoff et al., 2001).
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Importantly, although there is a lack of sequence conservation
between organisms, recent studies have demonstrated that
transcription plays a conserved role at centromeres (Corless
et al, 2020). The centromere exhibits a high enrichment of
specific histone modifications, including histone H3 mono-
methylation on lysine 4 (H3K4mel), as well as H3K4me2,
H3K36me2, and H3K36me3, H4K20mel, and H3K9ac (Sullivan
and Karpen, 2004; Vakoc et al., 2006; Muramoto et al., 2010; Ribeiro
etal., 2010; Bergmann et al., 2011; Bergmann et al., 2012; Hori et al.,
2014). These histone modifications contribute to the establishment
of an open chromatin structure, facilitating the activity of RNA
polymerase II (RNAPII). Interestingly, histone marks associated
with transcriptional repression, H3K9me2/3, are also detected on
centromeres (Fischle et al., 2005; Bergmann et al., 2012). Recent
studies demonstrated that centromeres are stably transcribed during
cell cycle (Ferri et al., 2009; Du et al., 2010; Chan et al., 2012; Quénet
and Dalal, 2014; Rosi¢ et al., 2014; Liu et al., 2015; Perea-Resa et al.,
2020; Chen et al, 2021), suggesting that centromere-specific
chromatin may promote transcription.

Two elements of mitotic centromere transcription have been
proposed to impact centromere structure and function. In the first
scenario, the transcription process itself leads to chromatin
remodeling, which may be an important step for the loading of
CENP-A into centromeric nucleosomes to maintain centromeric
chromatin (Bobkov et al., 2018; Talbert and Henikoff, 2018; Ghosh
and Lehner, 2022). Recent studies showed that centromere
transcription is regulated by CENP-B, CENP-I, CENP-C, and
interactions with nucleoli (Bury et al, 2020; Chen et al., 2021;
Hirai et al, 2022). In addition, one group suggested that
centromere transcription maintains centromere cohesion (Chen
2021). Thus, one function for mitotic centromere
transcription may be to remodel the structure or composition of

et al,

centromeric chromatin.

Second, the RNAs
transcription may also play an active role in accurate kinetochore
assembly (Hall et al., 2014). For example, CENP-C associates with
cen-RNA, and its interaction is required for CENP-C localization
(Wong et al,, 2007; Du et al., 2010; Rosi¢ et al., 2014; Grenfell et al.,
2016b; McNulty et al., 2017). Targeted knockdown of cen-RNA has
been shown to decrease the deposition of CENP-A, and cen-RNA
derived from one centromere can partially compensate for the

specific produced by centromere

depletion of cen-RNA transcripts on another centromere (Liu
et al, 2015; Ling and Yuen, 2019). Cen-RNA also interacts
directly with the Chromosome Passenger Complex (CPC),
including Aurora-B kinase, which controls accurate attachment
between kinetochores and spindle microtubules (Carmena et al,
2012). Recent studies revealed that Aurora-B kinase localization and
function at centromeres are controlled by its RNA binding at
centromeres during mitosis (Ideue et al., 2014; Jambhekar et al,
2014; Grenfell et al., 2016a; Blower, 2016; Kabeche et al., 2018).
Despite these findings, which domain of Aurora-B interacts with
RNA and how RNA may affect its kinase activity are still unknown.
In addition to cenRNA, one recent study showed that a chromosome
17-derived IncRNA, CCTT, specifically localizes on all centromeres
and is required for proper CENP-C localization (Zhang et al., 2022).
Therefore, centromere and kinetochore assembly are regulated by
not only cen-RNAs but also IncRNAs from chromosome arm
regions.
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Cohesin regulates nascent _
transcription at centromeres during
mitosis

During mitosis, transcription of most genes is dramatically
reduced and components of the RNAPII transcription machinery
are displaced from chromatin, with the exception of the centromere
region (Cho et al., 1998; Gibcus et al., 2018; Gottesfeld and Forbes,
1997; Liang et al., 2015; Naumova et al., 2013; Palozola et al., 2017;
Parsons and Spencer, 1997; Prescott and Bender, 1962; Shermoen
and O’Farrell, 1991). Mitotic RNAPII removal is regulated by
phosphorylation of components of the transcriptional initiation
complex (Segil et al., 1996; Bellier et al., 1997; Akoulitchev and
Reinberg, 1998) and activation of positive transcription elongation
factor P (P-TEFb (Liang et al, 2015), which promotes
transcriptional elongation and RNAPII runoff. However, these
global mechanisms did not explain the persistence of active
RNAPII at centromeres. During mitosis, cohesin complexes are
removed from chromosomes in a spatial and temporal pattern that
correlates with transcriptional silencing. Cohesin is released from
chromosome arms by the cohesin release factor WAPL but is
protected at centromeres by Shugoshin proteins (Losada et al,
2002; Gandhi et al, 2006; Kueng et al., 2006; Nasmyth and
Haering, 2009). During interphase, cohesin influences gene
transcription through its interaction with Mediator, formation of
topologically associated domains (TADs) and recruitment of
RNAPII (Wendt et al.,, 2008; Remeseiro et al., 2012; Yan et al,,
2013; Izumi et al., 2015; Merkenschlager and Nora, 2016; Rao et al,,
2017; Mach et al., 2022). A recent study demonstrated that retention
of the cohesin complex resulted in RNAPII remaining on mitotic
chromosomes, resulting in nascent transcription from arm regions
and chromosome missegregation (Perea-Resa et al., 2020). Thus,
cohesin controls the chromosome-wide pattern of transcriptional
silencing during mitosis (Figure 1).

Chromatin-associated IncRNAs

The prototypical IncRNA is the XIST RNA that functions in X
chromosome inactivation. The XIST RNA is transcribed from one of
the two X chromosomes in female cells and initiates an epigenetic
cascade to silence one of the two X chromosomes, resulting in equal
gene dosage between male and female cells. XIST RNA localizes in
cis to the inactive X (Xi) chromosome in interphase cells, and is
required for gene dosage compensation in female (XX) cells (Lyon,
1961; Brown et al,, 1991; Clemson et al., 1996). Interphase XIST
RNA appears to be punctate, as determined by fluorescent in situ
hybridization (FISH), revealing around 50 molecules of RNA acting
on the entire inactive X chromosome (Cerase et al., 2014; Sunwoo
et al, 2015; Markaki et al., 2021; Rodermund et al, 2021).
Interestingly, as the cell enters mitosis, XIST particles begin to
separate from chromatin in prophase (Clemson et al, 1996),
eventually releasing completely from mitotic chromatin in
prometaphase. This overall distribution of signal suggests XIST
RNA does not associate with Xi chromatin during mitosis
(Clemson et al., 1996).

Additional evidence shows other chromatin-bound IncRNAs
dissociate from their respective targets during mitosis. A broad
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Transcriptional regulation during mitosis. During interphase RNAPII actively transcribes chromatin and is phosphorylated at Ser 2 of the C-terminal
domain during transcriptional elongation. Serine-5 of the CTD is phosphorylated during transcriptional pausing and is absent from elongating RNAPII.
TFIID and TFIIH present at promoter regions are important for transcriptional initiation. Cohesin regulates RNAPII transcription through an unknown
mechanism. During mitosis phosphorylation of TFIIH, TFIID and hyperphosphorylation of RNAPII block new transcription initiation. In addition,
phosphorylation of multiple proteins trigger release of cohesin from euchromatin which is important for removal of elongating RNAPII from
chromosome arms. However, at centromeres Sgol protects cohesin from removal from chromatin, leading to retention of RNAPII at the mitotic
centromere. Importantly, only elongating RNAPII is retained at mitotic centromeres and all factors and RNAPII modifications associated with

transcriptional initiation and pausing are absent from the centromere.

screen of predicted IncRNAs using single-molecule RNA-FISH
revealed a wide distribution of interphase nuclear IncRNA
localization. However, similar to XIST RNA, the nuclear FISH
foci of all tested IncRNAs were displaced from mitotic chromatin
(Cabili et al., 2015). The same cell cycle-dependent RNA localization
pattern is observed for MALAT and NEAT1 (Clemson et al., 2009;
Tripathi et al, 2010). In addition, interphase chromosomes are
coated in cis by repetitive RNAs recognized by Cot-1 RNA FISH
probes. Cot-1 RNAs (primarily composed of LINE and SINE
elements) also dissociate from mitotic chromosomes and fail to
re-enter the nucleus in G1 (Hall et al,, 2014). Collectively these
results demonstrate that all tested chromatin-associated IncRNAs
are released into the cytoplasm during mitosis, primarily through a
mechanism involving phosphorylation of SAF-A by the Aurora-B
kinase (discussed in detail below).

TERRA

Telomeres share characteristics with heterochromatin, as they
possess HP1 (heterochromatin protein 1) proteins and exhibit
heterochromatic histone marks, such as trimethylation of lysine
9 on histone 3 (H3K9me3), lysine 27 on histone 3 (H3K27me3) and
trimethylation of lysine 20 on histone 4 (H4K20me3) (Ng et al,
2003; Perrini et al., 2004; Canudas et al., 2011; Montero et al., 2018;
Jezek and Green, 2019). Similar to centromeres, human telomeres
are also labeled with histone modifications associated with
transcriptional activation, H4K20mel and H3K27ac, as well as

the histone acetyltransferase p300 (Cubiles et al, 2018).
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Moreover, the telomeric TTAGGG repeats lack the CpG
sequence which is susceptible to methylation by DNA
methyltransferases (DNMTs) in vertebrates (Li et al, 1992;
Okano et al, 1998; Okano et al, 1999).
subtelomeres adjacent to the telomeres contain a high density of

However, the

CpG sequences, which are methylated in somatic cells of the human
genome (de Lange et al., 1990; Brock et al., 1999; Steinert et al.,
2004). As a result, genes that are positioned close to telomeres are
subjected to variegated transcriptional silencing (Baur et al., 2001).
However, telomeres themselves are transcribed into a IncRNA
known as TERRA. Telomere transcription is a highly conserved
characteristic across eukaryotes, as it has been observed in various
phyla, and it is important to facilitate heterochromatinization at
telomeres (Azzalin et al., 2007; Schoeftner and Blasco, 2008; Deng
et al., 2009).

TERRA levels display dynamic changes throughout the cell
cycle. In human cells, the levels of TERRA are at their highest
during G1/S phase and gradually decrease as the cell progresses
toward the late S/G2 phase (Porro et al., 2010; Flynn et al,, 2011;
Arnoult et al, 2012). This cell cycle-dependent fluctuation in
TERRA levels reflects the regulation and modulation of telomere
function during different cell cycle stages. The expression of TERRA
is controlled by the chromatin organizing factor CCCTC-binding
factor (CTCF) and the cohesin protein Rad21. In human cells, the
presence of CTCF and Rad21 promotes the recruitment of RNAPII
to the TERRA promoter region. Depletion of Rad21 or CTCF using
short hairpin RNA (shRNA) leads to a loss of RNAPII binding to
TERRA promoters, resulting in a subsequent decrease in TERRA
levels (Deng et al.,, 2012; Porro et al., 2014). The transcription of
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TERRA is also regulated by CpG methylation controlled by DNMT
activities. The loss of DNMT activities leads to reduction of CpG
methylation in the TERRA promoter at subtelomeres and
overexpression of the TERRA, resulting in telomere shortening
(Yehezkel et al, 2008; Nergadze et al, 2009). A recent study
showed that deletion of CTCF-sites from subtelomeric regions
leads to a notable reduction in TERRA expression from the
modified telomere in human cells (Beishline et al, 2017).
Furthermore, there is a significant decrease in the recruitment of
histone H3K4me3 to the same chromosome ends (Beishline et al.,
2017). This suggests that subtelomeric CTCF-binding sites play a
crucial role in promoting TERRA expression and facilitating the
recruitment of histone modifications associated with transcription at
the telomeric region.

During mitosis, cohesin and RNAPII are removed from
telomere regions, however, TERRA is detected in telomeres
during mitosis, suggesting that TERRA is stably bound to
telomeres and not associated via nascent transcription.
of TERRA with mitotic

chromosomes is achieved through continued association with one

Presumably, the association
or more of the known interacting proteins. For example, TERRA
with
heterochromatic marks, including H3K9me3 and HP1 proteins.

transcripts in  mammalian cells associate various

They also interact with several chromatin remodeling complexes,
Suv39hl (a histone
remodeling complex (NoRC), histone acetyltransferase complex

such as methyltransferase), nucleolar
(NuA), and BAF-type SWI/SNF nucleosome remodeling complex
(Porro et al., 2010; Postepska-Igielska et al., 2013; Scheibe et al,
2013). Furthermore, recent studies have revealed that TERRA
transcripts associate with the histone methyltransferase complex
known as Polycomb Repressive Complex 2 (PRC2). This association
occurs through a direct interaction TERRA with EZH2 and
SUZ12 which are components of PRC2 (Chu et al., 2017; Wang
etal.,, 2017; Montero et al,, 2018). TERRA interacts with the shelterin
components Telomeric repeat-binding factorl (TRF1) and TRF2,
which contribute to TERRA localization at telomeres (Deng et al.,
2009; Lee et al,, 2018). Additionally, recent work examining RNAs
associated with recently replicated chromatin identified a family of
GA-rich repeat RNAs homologous to TERRA and alpha satellite
that are associated with replicating chromatin and chromatin in G1,
suggesting that these transcripts may be a stable component of some
chromatin loci (Gylling et al.,, 2020). However, whether there is
continued physical associations between TERRA and these
interactors during mitosis is still unclear.

Trans-acting factors that control
mitotic localization of chromatin-
associated RNAs

The Aurora-B and SAF-A phosphoregulatory
switch

As chromosomes condense in prophase, Aurora-B orchestrates
the bulk removal of RNA from mitotic chromosomes (Sharp et al.,
2020). This is most clearly visualized by labeling cells with 5-
ethynyluridine (EU), a RNA analog that is readily incorporated
into RNA as it is transcribed (Jao and Salic, 2008). In intact cells
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undergoing mitosis, chromosome arms display marked exclusion of
RNA, in a pattern that is maintained through the end stages of
mitosis. In contrast, cells treated with the Aurora-B inhibitor

enriched with RNA, in a
conformation

barasertib have chromosomes

perichromosomal  layer-like suggestive  of
interaction primarily on the chromosome surface.

Additional evidence for the role for Aurora-B in the regulation
of mitotic RNA localization is derived from FISH experiments using
specific probes for individual RNAs. Notably, the XIST and
MALAT-1/NEAT2 IncRNAs are cytoplasmic during mitosis
(Clemson et al., 1996; Tripathi et al, 2010), yet show ectopic
localization on chromatin after Aurora-B inhibition (Hall et al.,
2009; Sharp et al.,, 2020). The same general trend is observed for the
O-linked N-Acetylglucosamine transferase mRNA that undergoes
nuclear retention (Sharp et al, 2020). Together, these specific
examples corroborate the localization pattern reported for EU-
RNA, arguing that Aurora-B has a central role organizing mitotic
localization of chromatin-associated and/or nuclear-retained RNA.

The principal target of Aurora-B in this process is the SAF-A
protein (Sharp et al., 2020). Originally identified as a heterogeneous
nuclear RNA-binding protein (hnrnp U (Dreyfuss et al, 1984;
Kiledjian and Dreyfuss, 1992; Romig et al., 1992)), SAF-A is
markedly abundant and represents a major RNA binding activity
in the interphase nucleus (Cho et al., 1998; Caudron-Herger et al.,
2019). SAF-A has multiple modular domains: the DNA-binding
SAP domain (Aravind and Koonin, 2000; Kipp et al., 2000); a highly
charged acidic domain enriched with aspartic acid and glutamic acid
residues; a SPRY domain of unknown function; an AAA + -type
ATPase domain controlling its oligomeric state (Nozawa et al,
2017); a RGG-type RNA binding domain with multiple repeats
of arginine and glycine (Kiledjian and Dreyfuss, 1992); and a low-
complexity domain termed an intrinsically disordered region (IDR)
(Sakaguchietal., 2016) (Figure 2A). The multiple modalities of SAF-
A domain structure are likely coordinated to impact its various roles
in IncRNA localization, splicing, and euchromatin decondensation
(Hasegawa et al., 2010; Huelga et al., 2012; Nozawa et al., 2017; Fan
et al., 2018; Xiao et al., 2019).

The two nucleic acid binding activities of SAF-A are distinctly
regulated during cell division. SAF-A binds to a subset of mRNAs
and IncRNAs, representing approximately one-tenth of all expressed
RNAs throughout the cell cycle (Sharp et al, 2020), and
hydrodynamic analysis indicates all of the SAF-A is engaged with
RNA cargo (Caudron-Herger et al., 2019). In contrast, the activation
of Aurora-B in early mitosis controls SAF-A localization through
negative regulation of DNA/chromatin binding, resulting in the
eviction of SAF-A:RNA complexes from chromosomes (Sharp et al.,
2020). This pathway
phosphoregulatory switch that functions to reduce the overall

therefore defines a two-component
RNA content on mitotic chromatin (Figure 2B).

Although SAF-A phosphopeptides with the Aurora-B consensus
sequence are interspersed throughout the N-terminal domains,
multiple lines of evidence point to two key serines in the SAP
domain as the critical target of Aurora-B in controlling SAF-A RNP
localization. Specifically, when the SAP domain residues S14 and
S$26 are mutated to alanine, mimicking the unphosphorylated state,
SAF-A has a longer residence time on chromatin, resulting in
of SAF-A:RNA
complexes in the perichromosomal layer (Sharp et al, 2020;

mitotic chromosomes covered in a sheath
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SAF-A-S14A-S26A-GFP

SAF-A regulates chromatin associated RNAs during mitosis. (A). Domain structure of SAF-A depicting the major domains associated with various

SAF-A functions: A N-terminal SAP-type DNA binding domain, a large acidic region of unknown function, a SPRY domain of unknown function, a AAA +
ATPase domain important for protein oligomerization, a RGG-type RNA binding domain, and a C-terminal Q/N-rich domain of unknown function. (B)
Model of SAF-A chromatin binding during interphase and mitosis. During interphase SAF-A binds to chromatin through the N-terminal SAP-domain

and RNA through the C-terminal RGG domain. During mitosis the CPC phosphorylates two serines in the SAP domain to trigger release of SAF-A:RNA

complexes from chromatin. (C). Images of WT and SAP-domain mutant SAF-A during mitosis. SAF-A-AA is retained on the surface of mitotic

chromosomes (Sharp et al., 2020; Blower et al,, 2023)

Blower et al, 2023) (Figures 2B, C). In short, the SAF-A
phosphomutant phenocopies Aurora-B inhibition. Conversely,
structural and biochemical data show a SAF-A phosphomimetic
allele profoundly interrupts the DNA binding properties of SAF-A
due a gain in negative surface charge. When expressed in vivo, a
SAF-A phosphomimetic allele renders SAF-A chemically resistant
to the effects of Aurora-B inhibition. Together these data
unambiguously point to SAF-A SAP domain as the key target for
Aurora-B in mitotic RNA localization.

When the Aurora-B and SAF-A phosphoregulatory switch is
disrupted, the fidelity of chromosome transmission to daughter cells
is acutely compromised (Sharp et al, 2020; Teves, 2020). Cells
expressing the SAF-A phosphomutant allele have a delay in
anaphase  onset, misaligned chromosomes, defects in
chromosome and spindle morphology, and an overall increase in
the rate of chromosome missegregation. These effects are likely due

to reduced function of proteins involved in chromosome
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segregation: for example, CENP-E localization to the kinetochore
is reduced in the SAF-A phosphomutant, and morphological
phenotypes point to reduced Kif22 kinesin function. In sum, the
Aurora-B control of mitotic SAF-A-RNA localization
important pathway to ensure proper genome stability during cell

is an

division.

We note although epistasis analysis points to SAF-A being the
primary RNP target of Aurora-B, it is possible that eviction of SAF-A
from chromatin impacts secondary RNPs as well. For example, like
SAF-A, mutation of the Cizl RNA-binding protein causes defective
localization of the XIST RNA in interphase cells (Ridings-Figueroa
et al,, 2017; Sunwoo et al., 2017). Genetic analysis in mice suggests
SAF-A is upstream of Cizl; when SAF-A function is disrupted,
Cizl is still bound to Xist RNA particles even as they become
disengaged from contact with the Xi (Sunwoo et al,, 2017). It is
possible that an analogous scenario occurs during early mitosis, with
the dissociation of SAF-A-RNA complexes from chromatin
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Ki-67 and the perichromosomal layer. (A). Domain structure of Ki-67 depicting the major conserved domains: A N-terminal Forkhead-associated
domain (FHA) that recognizes phosphorylated proteins, a Protein Phosphatase 1 interacting motif, a Conserved Domain of unknown function, 16 repeats
of a simple Ki67-specific repeat that is heavily phosphorylated during mitosis and a C-terminal Leucine/Arginine-rich domain important for interacting
with DNA and chromatin. (B). During interphase Ki-67 localizes to the nucleolus where it is associated with pre-rRNA. At the onset of mitosis Ki-67
redistributes to the chromosomal surface where it serves and the assembly point for the perichromosomal layer. Ki-67 is necessary for targeting the entire
perichromosomal layer to the chromosome surface during mitosis including pre-rRNA.

triggering a network of other RNPs disengaging from chromatin. In
the case of the Xi, this scenario could impact not just Cizl, but
possibly other Xist RNA localization factors, such as hnrnp K or
Polycomb group proteins (Colognori et al., 2019).

Ki-67 regulates controls perichromosomal
layer association with mitotic chromosomes

Among the proteins that control RNA localization to mitotic
chromosomes one of the most well studied is Ki-67. Ki-67 is widely
used as a marker for cell proliferation in cancer cells (Sun and
Kaufman, 2018). During interphase, Ki-67 localizes to the
nucleolus where it may play a role in nucleolar assembly and
organization of heterochromatin. Ki-67 is a very large protein
comprised of several different modular domains: a N-terminal
FHA domain, a PPI1-binding domain, an unstructured domain
containing 16 repeats of the Ki-67 domain, and a C-terminal LR
chromatin-binding domain (Figure 3A). The FHA and PP1-binding
domains recognize phosphorylated proteins and recruit PPly to
mitotic chromosomes, respectively. The LR domain aids in
chromatin binding through its leucine and arginine-rich properties.
However, function of the tandem repeats domain is not well
understood (Sun and Kaufman, 2018). During mitosis, Ki-67 is
released from the nucleolus and relocalizes to the
perichromosomal  layer 3B). Interestingly, the

perichromosomal layer constitutes approximately a third of the

(Figure

total chromosomal volume (Booth et al, 2016; Booth and
Earnshaw, 2017).

Ki-67 is but one of many proteins and RNAs to relocalize from
the nucleolus to the perichromosomal layer in mitosis (Van Hooser
et al,, 2005), however its incorporation into the layer is critical for
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perichromosomal layer function (Booth et al., 2014). Loss of Ki-67 is
associated with a loss of chromosome individualization, such that
mitotic chromosomes clump into a single mass of chromatin
(Cuylen et al.,, 2016; Takagi et al., 2016). Based on these finding
it has been proposed that Ki-67 forms an extended structure during
mitosis that serves as a surfactant to prevent chromosomes from
sticking to one another (Cuylen et al., 2016).

Interestingly, chromatin organization by Ki-67 appears to be
substantially different than that induced by the condensin
complexes. Double mutants of Ki-67 and condensin result in a
dramatic chromosome condensation defect much more severe than
either single mutant alone, suggesting two parallel pathways of
chromatin organization during mitosis (Takagi et al, 2018).
Knockout of Ki-67 results in the loss of almost all proteins
associated with the perichromosmal layer by both proteomics
and Correlated Light Electron Microscopy (CLEM) (Booth et al.,
2016). This suggests that Ki-67 serves as a hub for the assembly of
the perichromosomal layer and that loss of the perichromomsal
layer results in chromosome clustering during mitosis.

Recent work has validated the observation that unprocessed pre-
rRNA associates with mitotic chromosomes. This study also found
that Ki-67 is required for tethering pre-rRNA to mitotic
chromosomes and that Ki-67 uses multiple different domains for
RNA binding (Ma et al., 2022). Collectively these studies show that
disassembly of the nucleolus during mitosis results in chromosomal
coating by the nucleolar remnants in the form of the
layer. Ki-67 is the
perichromosomal layer which may assemble through tethering

perichromosomal foundation of the
pre-rRNA to mitotic chromosomes. Confoundingly, the mouse
knockout of Ki-67 is viable and fertile and it is possible to
establish constitutive Ki-67 knockout cell lines, suggesting that
redundant mechanisms exist to compensate for the dramatic
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Model for nuclear RNA regulation during and after mitosis. During interphase many transcripts are enriched in the nucleus including: pre-rRNA,
INcRNAs, sno-, sca- RNAs, nascent mRNAs, introns, and spliceosomal RNAs. During mitosis the vast majority of these transcripts are released into the
cytoplasm. Exceptions to RNA release from chromatin are the centromeres and telomeres where cenRNA and TERRA transcripts are retained. At the end
of mitosis, some nucleolar RNAs re-enter the nucleus along with splicosomal RNAs, while a fraction of nucleolar RNAs are retained in foci in the
cytoplasm termed NDF (Nucleolus Derived Foci). In contrast IncRNAs, mRNAs, and introns remain in the cytoplasm where they may be subject to

programmed degradation.

chromosome morphology changes observed after loss of Ki-67
(Cidado et al., 2016; Sobecki et al., 2016).

Nuclear RNA inheritance following
mitosis

As outlined in the previous section, most chromatin-associated
transcripts are released during mitosis. At the completion of mitosis,
segregated chromosomes coalesce and a nuclear envelope rapidly
separates the chromatin from the cytoplasm. However, very little is
known about the fate of chromatin-associated transcripts at the
beginning of the next cell cycle. In theory, nuclear RNAs could either
re-associate with chromatin at the end of mitosis and be reused in
the next cell cycle or could remain in the cytoplasm where they
would presumably be degraded.

The most well-studied case of reuse of nuclear RNAs comes
from work on the nucleolus. During interphase, the nucleolus is
the site of rRNA transcription, processing, modification and the
assembly site for mature ribosomes. During mitosis, rRNA
transcription ceases and the nucleolus dissociates. Dissociated
nucleolar components assume different localization patterns
during mitosis: residency in

the perichromosomal layer

(Figure 3B) dispersed in the cytoplasm, or present in
cytoplasmic foci termed Nucleolus-Derived Foci (NDF) during
anaphase and telophase (Figure 4). Interestingly, partially-
processed rRNA and U3 and U8 snoRNAs localize to both the
perichromosomal layer and NDF (Dundr et al., 1997; Dundr and
Olson, 1998; Dundr et al, 2000). The perichromosomal layer
associates with the surface of all mitotic chromosomes from
The of the

perichromosomal layer are important for the individualization

prometaphase until late anaphase. contents
of chromosomes during mitosis and for the exclusion of
cytoplasmic material from the nucleus at the end of mitosis
(Cuylen-Haering et al., 2020). Contents of the perichromosomal
layer are reincorporated into the nucleus in early Gl. NDF

particles first appear in late anaphase and disappear by early
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Gl. Protein components of the NDF exchange rapidly,
suggesting that the NDF contents may also participate in
reestablishment of the nucleolus in G1 (Dundr et al., 2000).
Partially processed pre-RNA has been hypothesized to play an
important role in reestablishing the nucleolus in G1. As a result of
association with the perichromosomal layer, some unprocessed
pre-rRNA and some snoRNAs are inherited by the nucleus in
G1 where they likely contribute to the rapid resumption of
ribosome assembly.

In contrast to nucleolar-associated transcripts, much less is known
about the fate of other nuclear RNAs following mitosis. Early work on
the XIST IncRNA showed that this transcript dissociates from
chromatin during mitosis and remains in the cytoplasm during
Gl following transcriptional inhibition. However, this study used
Actinomycin D to inhibit transcription in G1 which been shown to
have several detrimental effects on cells including: changes in protein
binding to DNA, loss of transcription, loss of nuclear import, and
changes in RNA half-lives (Sawicki and Godman, 1971; Clemson et al,,
1996), so it is not clear if XIST RNA can re-enter the nucleus in G1.
More recent work studying repetitive RNAs associated with
transcriptionally active portions of the genome also found that these
transcripts dissociate from mitotic chromatin and remain in the
cytoplasm in Gl cells in response to the inclusion of several
different transcription inhibitors (Hall et al., 2014). Additionally, our
recent work found that the IncRNAs MALAT1 and NEAT]1 dissociate
from chromatin during mitosis and remain in the cytoplasm during
G1 in response to transcriptional inhibition (Blower et al., 2023). This is
consistent with previous work showing that reassembly of paraspeckles,
which require NEAT1 IncRNA for assembly, requires de novo
transcription in G1 (Mao et al, 2011). Collectively, these studies
indicate that most studied IncRNAs are not inherited by G1 nuclei
but remain in the cytoplasm in G1 cells where they may undergo
programmed degradation. Interestingly, this result suggests that
chromatinIncRNA interactions are reset every time a cell passes
through mitosis. This may provide the cell with an opportunity to
change chromatin:RNA interactions which could be important for
changing transcriptional programs during development.
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In a recent study, we examined inheritance of nuclear RNAs in a
transcript-independent manner using metabolic labeling of RNA.
We found that approximately half of all nuclear RNAs are inherited
by nuclei in Gl including prominent foci associated with the
In contrast to IncRNAs, we found that the
spliceosomal RNA U2 is rapidly inherited by daughter nuclei in

G1 nucleolus.

a nuclear import-dependent manner (Blower et al., 2023). This is
likely a result of the fact that spliceosomal RNAs normally exit the
nucleus following transcription where they undergo maturation in
the cytoplasm before they are reimported into the nucleus (Fischer
et al,, 2011). This result suggests that the majority of spliceosomal
RNAs will be inherited by G1 nuclei. The differences in behavior
between snRNAs and IncRNAs may be a result of the fact that
snRNAs are normally imported into the nucleus as part of their
maturation cycle, while IncRNAs do not exit the nucleus during
interphase and may not have a nuclear import pathway. To fully
understand the implications of differential nuclear RNA inheritance
following mitosis it will be necessary to perform a genome-wide
analysis of inheritance.

Targeted degradation of nuclear IncRNAs
in the cytoplasm in G1?

The current evidence suggests that all IncRNAs follow the same
progression as XIST/NEAT1/MALAT1 and do not reenter the cell
after completion of mitosis, but rather accumulate in the nucleus
through transcriptional restart early G1 (Clemson et al, 1996).
Interestingly, mRNA is degraded in two waves during the
mitosis-to-G1 transition, as observed by single-cell sequencing
and pulse-labeling. This temporal regulation of RNA decay
contributes to the controlled gene expression necessary for
proper cell cycle progression. The cytoplasmic deadenylase
CNOT1 was identified as
degradation from the previous cell cycle (Krenning et al., 2022).

a main contributor of RNA

The pre-existing nuclear IncRNAs that reside in the cytoplasm
following the reformation of the nuclear envelope in G1 could be
degraded by similar mechanisms. However, many IncRNAs are not
polyadenylated (Sun et al., 2018), making degradation by CNOT1 in
the mitosis-to-G1 transition unlikely. Interestingly, these typically-
nuclear IncRNAs are exposed to a new environment in this cell cycle
transition, raising the possibility that residency in the cytoplasm
alters IncRNP composition.

Mitosis exposes nuclear IncRNAs to cytoplasmic ribosomes
which could lead to IncRNA translation and the production of
short peptides. Although IncRNAs contain much smaller open
reading frames (ORFs) compared to mRNAs, ribosomal
footprints were identified on IncRNAs across six eukaryotic
species, including human, mouse, and zebrafish (Ruiz-Orera
et al, 2014), confirming that some IncRNAs have translational
potential. Studies show an increased instance of ribosomal
binding to XIST and other IncRNAs during mitosis (Tanenbaum
etal, 2015). Additionally, ribosomal footprints revealed preferential
binding to the IncRNA primary ORF (Ruiz-Orera et al, 2014).
Therefore, we speculate that IncRNAs could undergo nonsense
mediated decay (NMD) during the mitosis to GI1 transition.
Nonsense mediated decay tags aberrant transcripts for decay, as
denoted by the presence of a premature stop codon. This process
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requires ribosomal binding, which will detect an exon junction
complex downstream of a stop codon, signaling for NMD
(Nickless et al, 2017). Since IncRNAs do not typically contain
long, translatable ORFs, reside in the cytoplasm during mitosis,
and do not appear to reenter the nucleus in G1, we speculate that
they may interact with ribosomes to trigger NMD, resulting in a
general turnover of IncRNAs in early G1. Further work is necessary
to evaluate IncRNA kinetics during the mitosis to G1 transition.

Conclusions and open questions

Mitosis is a time of vast changes to the nuclear structure and
function of cells. A variety of recent studies have provided
insight into the regulation and function of nuclear RNAs
during and after mitosis. While recent work has provided a
variety of insights into the mechanisms that control nuclear
RNA localization and transcriptional regulation there are many
open questions related to the functions of changing nuclear RNA
regulation. Important mechanistic questions include: how are
cohesin dynamics linked to RNAPII activity during and after
mitosis? How does mitotic transcriptional silencing affect
transcription in the next cell cycle? What is the full spectrum
of nuclear RNAs that are re-imported into the nucleus in G1?
How are cytoplasmic IncRNAs degraded in GI1 cells? What are
the functional consequences of a failure to degrade cytoplasmic
IncRNAs during G1? We expect that future work will advance
our understanding of nuclear RNA regulation during this
dramatic stage of the cell cycle.
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