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RNA and RNA-protein complexes
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Abstract

α-Satellite is the largest class of tandem repeats and is located on all human chromosome centromeres. Non-coding α-satellite RNAs have been
observed in various cell types and are known to play crucial roles in maintaining genome stability. In this study, we demonstrated that α-satellite
RNAs are dynamically expressed, heterogeneous transcripts that are regulated by Aurora kinases and closely associated with centromere
chromatin throughout the mitotic cell cycle. We identified scaffold attachment factor A (SAF-A) as a previously uncharacterized α-satellite RNA
binding protein. Depletion of either α-satellite RNA or SAF-A resulted in chromosome missegregation, revealing that their concerted action is
essential for preserving genome integrity during the mitotic cell cycle. Our result demonstrated that SAF-A is excluded from the chromatin
genome-wide during mitosis, and α-satellite RNAs are required for the recruitment of SAF-A upon mitotic exit. Both α-satellite RNAs and SAF-A
are essential in safeguarding the human genome against chromosomal instability during mitosis. Moreover, α-satellite RNAs and SAF-A aid in
the reassembly of the nuclear lamina. Our results provide novel insights into the features, regulations, and functional roles of α-satellite RNAs
and propose a model for the dismantling and reformation of the SAF-A nuclear scaffold during mitosis.
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Introduction

Satellite DNA refers to the tandem repeat sequences that are
usually located within the centromeric and pericentromeric
regions of the genome [1]. Among the various types of hu-
man satellites, α-satellite repeats, which encompass all chro-
mosome centromeres, form the largest class with a total length
of approximately 85.2 Mb and represent approximately 2.8%
of the human genome (T2T-CHM13v2.0) [2, 3]. The ∼171 bp
AT-rich monomers of α-satellites are usually organized into
highly homogenous higher-order repeats [4].

α-Satellite RNAs, as the transcripts of the α-satellite re-
peats, were first identified in Hela cells and were primarily
localized at the nucleolus before being directed to the cen-
tromere via CENP-C at the onset of mitosis [5]. A multitude
of evidence has established that RNA polymerase II is the ma-
jor RNA polymerase that is responsible for α-satellite RNA
transcription [5–7]. The transcription of centromeric repeats
is common across various eukaryotic species, despite differ-
ences in the satellite sequences [8]. In mice, the centromere
contains two primary classes of repetitive sequences: minor
and major satellite repeats. Minor satellite repeats consist of
tandem arrays of 120-bp sequences that define the CENP-A-
bounded core centromere, and major satellite repeats of 234-
bp units located pericentrically, which create the heterochro-
matin that flanks the minor satellite repeats [1].

Subsequent studies have reported cell cycle-specific tran-
scription of α-satellite RNAs in various cell types, where they
colocalize with CENP-A and other centromere proteins [6, 9,
10]. Furthermore, α-satellite RNAs have been demonstrated
to have specific functions in normal human cells, particularly
within the centromere regions, where they participate in the
recruitment of centromere proteins for kinetochore assem-
bly or in the establishment and maintenance of heterochro-
matin [9–11]. The regulation of α-satellite RNA expression is
critical, as both the overexpression and suppression of these
RNAs have been demonstrated in response to stress and have
been observed in numerous human cancers [12–15]. However,
based on the findings from previous research, the size, local-
ization, and regulators of α-satellite RNA remain unclear or
inconsistent [16, 17].α-Satellite RNA has been shown to inter-
act with specific sets of RNA-binding proteins [17]. By form-
ing complexes with centromere proteins CENP-A, CENP-B,
and CENP-C, α-satellite RNA was shown to have essential
roles in maintaining human centromere functionality [9–11].
Moreover, α-satellite RNA has been reported to interact with
SUV39H1, which is the histone methyltransferase that is re-
sponsible for H3K9me3, thereby contributing to the mainte-
nance of constitutive heterochromatin [18].

Scaffold attachment factor-A (SAF-A), also known as hn-
RNPU, is an abundant heterogeneous nuclear ribonucleopro-
tein (hnRNP) and was initially identified as the major nuclear
scaffold component [19, 20]. SAF-A exhibits dual binding ca-
pabilities, interacting with both DNA and RNA through dis-
tinct binding domains. Specifically, it engages with RNA via
the low complexity RGG domain and associates with AT-rich
DNA regions via the SAP (SAF-A/B, Acinus, and PIAS) do-
main [19, 20]. Notably, α-satellite tandem repeats also have
an AT-rich composition. In addition to its established roles in
splicing regulation, several recent studies have suggested that
SAF-A may play a fundamental and general role in the nuclear
organization in interphase [21–24]. SAF-A depletion leads to
the pronounced chromatin condensation of gene-rich regions
and global changes in genome 3D architecture [22, 23]. Spa-
tially, in most mammalian cells, centromeres are preferen-
tially located at the nuclear periphery and tethered to the nu-
clear lamina through lamina-associated domains (LADs) [25,
26]. Nuclear membrane proteins, such as lamin-associated
polypeptide 2 (LAP2), have been shown to directly interact
with both lamins and chromosomes during nuclear lamina
reassembly [27]. Research in mouse hepatocytes has shown
that SAF-A depletion increases the coverage of LADs in the
genome and leads to global chromatin condensation [22]. No-
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ticeably, RNA components seem to be required for the lo-
calization of SAF-A on chromatin [23, 28]. A SAF-A/RNA
mesh model has been proposed and supported, in which
SAF-A forms a homogeneous mesh together with chromatin-
associated RNAs (caRNAs) that regulate the high-order chro-
matin structure in interphase cells [21, 29]. As an evolutionar-
ily conserved RNA-binding protein, SAF-A has been reported
to interact with a wide variety of RNAs in different cell types
[30, 31]. In particular, a recent study revealed that repetitive
non-coding sequences of pre-mRNAs and lncRNAs can serve
as scaffold RNAs to counter chromatin compaction and main-
tain the chromosome territory architecture together with SAF-
A [23]. At present, most studies have demonstrated the role of
SAF-A/RNA in regulating the interphase chromatin structure,
and few have focused on the role of SAF-A/RNA in mitosis.
A recent study showed that during mitosis, SAF-A, together
with most of its interacting RNAs, needs to be evicted from
the condensing chromosomes [32]. This raises the question
of how the SAF-A/RNA scaffold is disassembled and rebuilt
when the cell enters and exits mitosis.

In this study, we report the identification of SAF-A as
a previously uncharacterized α-satellite RNA binding pro-
tein. Through various experiments and analyses, we demon-
strate that α-satellite RNAs are dynamically expressed and
remain associated with centromeric chromatin throughout
the mitotic cell cycle. Specific interactions between α-satellite
RNAs and SAF-A were investigated both in vitro and in vivo.
We also demonstrated that the depletion of either α-satellite
RNA or SAF-A resulted in chromosome missegregation phe-
notypes during mitosis. Furthermore, interference with α-
satellite RNAs substantially influenced the chromatin relocal-
ization of SAF-A and subsequently affected the nuclear lamina
reassembly at the mitotic exit.

Materials and methods

Cell culture

The human and mouse cell lines used in this study were pur-
chased from ATCC (http://www.atcc.org). Cells were cultured
in DMEM medium with 10% fetal bovine serum and 1%
penicillin/streptomycin under standard conditions of 37◦C
with 5% CO2.

Transfection of siRNA and shRNA constructs

The shRNA plasmids were obtained from the MISSION
shRNA library (Sigma-Aldrich, Germany). Transfections of
the siRNA and shRNA plasmids were performed using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Detailed information on the siRNAs and shRNA
plasmids used in this study is provided in Supplementary
Tables S1 and S2.

RNA extraction and RT-qPCR

RNA was extracted using TRIzol (Invitrogen) according to
the manufacturer’s instructions. To remove the DNA, the
total extract was treated with DNase I (Thermo) and pu-
rified using phenol-chloroform extraction. The RNA con-
centration was measured with a Nanodrop 2000c (Thermo
Fisher) before being reverse transcribed using the ABScript
cDNA first-strand synthesis kit (ABclonal). Quantitative poly-
merase chain reaction (PCR) was performed with a 2 × Q3
SYBR qPCR master mix (ToloBio) on a CFX96 real-time

PCR system (Bio-Rad) using standard procedures. Detailed
information on the primers used in this study is provided in
Supplementary Table S1.

Northern blot

For northern blot analysis, 0.2–5 μg of total RNA was sep-
arated on a 6% TBE-urea gel (1 × TBE, 6% acryl/bis, 5 M
urea, 0.08% ammonium persulfate, and 0.1% TEMED) and
transferred to an Amersham Hybond-N + membrane (Cy-
tiva) via electroblotting overnight in 0.5 × TBE at 200 mA
at 4◦C. RNA was fixed to the membrane by ultraviolet (UV)
irradiation for 2 min at 80◦C for 1 h (UVP HL-2000 Hy-
bridLinker). The RNA was hybridized with 100–500 ng of the
probe overnight at 52◦C and washed twice each with buffer 1
(2 × SSC, 0.1% SDS) and buffer 2 (0.2 × SSC, 0.1% SDS). For
the probes, the α-satellite sequence was ligated into a T-vector
and identified via sequencing. The probes were amplified by
PCR from the T-vector containing the α-satellite sequence and
then transcribed with T7 RNA polymerase (Thermo Scientific)
using DIG RNA labeling Mix (Roche). The RNAs were then
detected using the DIG Northern starter kit (Roche) according
to the manufacturer’s protocol. Images were taken and pro-
cessed with an Amersham ImageQuant 800 imager (Cytiva).

Cell cycle synchronization

RPE1 cells were synchronized with a double thymidine block.
Thymidine (5 mM, Sigma) was added for 16 h, followed
by 8-h incubation in fresh DMEM medium. After a second
thymidine block for 16 h, cells were either released into fresh
DMEM medium for cell cycle assays or released into medium
supplemented with 20 ng/mL nocodazole for 8 h to enrich
mitotic cells. The cell cycle distribution was measured using a
cell cycle assay kit (FineTest) according to the manufacturer’s
instructions. After being stained with propidium iodide (PI)
reagent at 4◦C for 30 min in the dark, the DNA content of the
cells was measured by flow cytometry (CytoFLEX, Beckman
Coulter).

Single-molecule RNA fluorescence in situ
hybridization

Single-molecule RNA fluorescence in situ hybridization (sm-
FISH) was performed as previously described [33, 34]. The se-
quences of the hybridization chain reaction (HCR) probes and
amplifiers are provided in Supplementary Table S1. Briefly,
the cells were seeded on microscope cover glasses (NEST)
and synchronized to mitosis with thymidine and nocoda-
zole. After three washes with Dulbecco’s phosphate-buffered
saline(DPBS, Gibco), the cells were fixed for 10 min using
methanol with 25% acetic acid. Before hybridization, the cells
were washed twice with DPBS and permeabilized overnight
in 70% ethanol at –20◦C. The hybridization and amplifica-
tion steps were performed following the previously reported
two-stage multiplexed in situ hybridization protocol [33]. The
cells were then stained with DAPI (Sigma) and mounted with
Fluroshield (Sigma). Images were taken and processed with
the LSM 980 confocal system (Zeiss).

For control experiments, the loss of smFISH signals was vi-
sualized upon RNase (Thermo) treatments. Cells were treated
with 10 U/mL of RNase A (in 50 mM Tris-HCl, pH 7.5, 2
mM EDTA), RNase TI (in 50 mM Tris-HCl, pH 7.5, 2 mM
EDTA), or RNase III (in 50 mM NaCl, 10 mM Tris-HCl, pH
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7.9, 10 mM MgCl2, 1 mM DTT) for 0.5 hr at 37◦C before the
probe hybridization step.

Chromatin isolation by RNA purification and
sequencing

Chromatin isolation by RNA purification (ChIRP) was per-
formed as previously described with minor modifications
[35, 36]. Briefly, cells were fixed with 1% glutaraldehyde (in
phosphate-buffered saline (PBS)) for 10 min and quenched
with 0.125 M of glycine for 5 min at room temperature.
Fixed cells were pelleted and washed once with PBS, and then
lysed in nuclear lysis buffer (50 mM Tris-HCl, pH 7.0, 10
mM EDTA, 1% SDS, supplemented with protease inhibitor
(Roche), RNase inhibitor (Abclonal), DTT, and PMSF) on ice
for 10 min. The cell lysate was sonicated for 15 min (30 s on,
30 s off, Diagenode Bioruptor plus) in a 4◦C water bath and
centrifuged for 15 min at 12 000 g to remove the insoluble
fraction. Chromatin was diluted in two volumes of hybridiza-
tion buffer (50 mM Tris-HCl, pH 7.0, 750 mM NaCl, 1 mM
EDTA, 1% SDS, 15% formamide, supplemented with pro-
tease inhibitor, RNase inhibitor, DTT, and PMSF). Six biotiny-
lated probes were generated and split into two independent
odd and even probe pools based on their relative positions
along the α-satellite. The sequence information is provided in
Supplementary Table S1. Biotinylated probes were mixed with
the diluted chromatin and subjected to an end-to-end rota-
tion at 37◦C for 4 h. M-280 Streptavidin Dynabeads (Invitro-
gen) were blocked with 500 ng/μL yeast tRNA and 1 mg/mL
bovine serum albumin (BSA) before being added to the probe-
chromatin mixture. After rotating at 37◦C for 2 h, the M-
280 beads were washed five times with wash buffer (2 × SSC,
0.5% SDS, supplemented with protease inhibitor and RNase
inhibitor) before being subjected to RNA and DNA elution.

Sequencing was performed on Illumina Novaseq 6000
(Novogene). Analysis of ChIRP-seq was performed as previ-
ously described [35]. Briefly, sequencing reads were trimmed
for adapters using fastp and then mapped to the human
genome (hs1) using Bowtie2 [37, 38]. Alignments were shifted
toward the 3′ end with MACS2 and normalized to 10 mil-
lion reads in total [39]. Results from even and odd pools were
merged by taking the lower of the two read coverages at each
nucleotide across the whole genome. The ChIRP peaks were
called from the merged results using MACS2 with the pa-
rameter “-g 2.9e9 –broad”, and their distribution across the
genome was visualized using a Circos plot, which was plotted
by the R package Circlize [40, 41].

RNA pull-down

RNA pull-down was performed as previously described with
minor modifications [42]. The cells were washed with PBS be-
fore UV cross-linking (254 nm, 120 mJ/cm2). The cells were
then lysed in ice-cold RIPA buffer (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 5 mM EDTA, 1% NP-40, and 0.1% SDS) for
30 min at 4◦C with freshly added protease inhibitor (Roche)
and RNase inhibitor (Abclonal). After sonication for 10 min
(30 s on, 30 s off, Diagenode Bioruptor plus), the cell lysates
were centrifuged for 15 min at 12 000 g to remove the insol-
uble fraction. Thereafter, 100 pmol of the biotinylated oligo
probes were incubated with the supernatant for 2 h at room
temperature. The sequences of 5′-biotinylated oligo probes
are provided in Supplementary Table S1. M-280 Streptavidin
Dynabeads (Invitrogen) were blocked with 500 ng/μL yeast

tRNA and 1 mg/mL BSA before being added to the probe-cell
lysate mixture. After incubation for 2 h at room temperature,
the M-280 beads were washed twice with RIPA buffer and
twice with high salt RIPA buffer (50 mM Tris-HCl, pH 8.0,
500 mM NaCl, 5 mM EDTA, 1% NP-40, and 0.1% SDS).

Protein samples were heated and preserved in protein sam-
ple buffer (40 mM Tris-HCl, pH 6.8, 1% SDS, 5% glycerol,
0.0003% bromophenol blue, and 0.05 M DTT) and then sub-
jected to western blot or silver staining using a Protein Stains
K kit (Sangon Biotech). The silver-staining bands of interest
were excised and sent for a gel-based liquid chromatography-
tandem mass spectrometric analysis (ProtTech Inc.).

The FLAG-tagged SAF-A isoforms and truncation mutants
were cloned into the p3XFLAG-Myc-CMV vector by stan-
dard PCR-based cloning. All constructs were verified by se-
quencing (Supplementary Table S2).

RNA immunoprecipitation

Adherent cells were washed with PBS before UV cross-linking
(254 nm, 200 mJ/cm2). The cells were then lysed in RIPA
buffer for 30 min at 4◦C with freshly added protease inhibitor
and RNase inhibitor. After sonication for 10 min, the cell
lysates were centrifuged for 15 min at 12 000 g to remove
the insoluble fraction. The supernatant was then incubated
with Dynabeads Protein G (Invitrogen), which was preincu-
bated with SAF-A antibody (Abcam, ab180952) for immuno-
precipitation. After incubation for 2 h at room temperature,
the Dynabeads were washed three times with RIPA buffer and
split into two portions for protein and RNA collection. Pro-
tein samples were heated and preserved in the protein sample
buffer. RNA samples were subjected to TRIzol extraction be-
fore being used for RT-qPCR.

For the immunoprecipitation of dsRNA, cells were rinsed
twice with PBS and lysed in 2 mL of RIPA buffer. The
cell lysates were subjected to sonication for 5 min and sub-
sequently centrifuged at 12 000 g for 15 min to remove
the insoluble fraction. The supernatant was incubated with
Dynabeads Protein G (Invitrogen), which had been preincu-
bated overnight with the J2 antibody (Sigma, MABE1134)
at 4◦C. The Dynabeads were then washed twice with RIPA
buffer and twice with high salt RIPA buffer. RNA extrac-
tion from the washed Dynabeads was performed using TRIzol
extraction.

Recombinant protein expression and gel shift assay

Full-length SAF-A was cloned into a pET-28a-c (+) vector (No-
vagen) carrying an N-terminal 6 × His tag using the BamHI
and EcoRI restriction sites. SAF-A proteins were expressed in
Escherichia coli BL21(DE3) cells. Cells harboring the pET-
28a-c (+) vectors were cultured in LB medium at 37◦C until the
OD600 reached approximately 0.6 before inducing protein
expression. After adding 1 mM IPTG, the cells were cultured
at 30◦C for a further 20 h. The harvested cells were resus-
pended in lysis buffer (20 mM Tris-HCl, 400 mM NaCl, 50
mM imidazole, pH 7.5) and lysed by sonication for 10 min
(30 s on, 30 s off, Diagenode Bioruptor plus) at 4◦C. Recom-
binant proteins were purified using HisTrap affinity columns
(Cytiva) according to the recommended instructions.

Single-stranded RNAs were transcribed in vitro using the
TranscriptAid T7 High Yield Transcript Kit (Thermo) accord-
ing to the manufacturer’s instructions. Equal molars of sense
and antisense transcripts were mixed in the annealing buffer
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(10 mM Tris-HCl, pH 8.0, and 20 mM NaCl). The mixture so-
lution was heated to 95◦C for 5 min and cooled slowly down
to room temperature to anneal the double-stranded RNA. The
template vectors for protein expression and RNA transcrip-
tion are provided in Supplementary Table S2.

In vitro expressed RNA (1 μg) and protein (500 ng) were
mixed in the binding buffer (20 mM Tris-HCl, pH 8.0, 15 mM
NaCl, 2.5 mM MgCl2, and 1% Tween-20) and incubated at
37◦C for 30 min. Samples were separated on native agarose
gels and post-stained with GelRed (Biosharp) for 10 min be-
fore imaging.

Immunofluorescence

Adherent cells were grown on microscope cover glasses
(NEST) in six-well plates and synchronized to mitosis with
thymidine and nocodazole. After washing three times with
PBS, the cells were fixed for 10 min using methanol with 25%
acetic acid. Following a further three washes with PBS, the
cells were permeabilized with 0.5% Triton X-100 in ice-cold
PBS for 20 min. After two washes with 0.05% Tween-20 in
PBS (PBST), the cells were blocked in PBST with 1% BSA
for 1 h at room temperature. Primary antibodies were diluted
with the blocking buffer. The information on antibodies used
is provided in Supplementary Table S3. CREST is a mixture of
anti-centromere antibodies derived from human CREST (Cal-
cinosis, Raynaud’s syndrome, Esophageal dysmotility, Sclero-
dactyly, Telangiectasis) patient serum [43]. The cells were in-
cubated overnight with the primary antibodies at 4◦C, fol-
lowed by three washes with PBST. Thereafter, the slides were
incubated with the corresponding secondary antibodies for 2
h and washed with PBST three times at room temperature. Fi-
nally, the cells were stained with DAPI (Sigma) and mounted
with Fluroshield (Sigma). Images were taken and processed
using the LSM 980 confocal system (Zeiss).

Western blot

Protein samples were denatured at 95◦C for 5 min in pro-
tein sample buffer (40 mM Tris-HCl, pH 6.8, 1% SDS, 5%
glycerol, 0.0003% bromophenol blue, and 0.05 M DTT) be-
fore loading onto sodium dodecylsulphate-polyacrylamide gel
electrophoresis for separation. Proteins were then transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore),
and incubated with the corresponding antibodies followed by
an ECL western blotting protocol (Thermo). Information on
the antibodies used is provided in Supplementary Table S3.
Images were taken and processed with an Amersham Image-
Quant 800 imager (Cytiva).

To inhibit Aurora kinases, 2.5 μM of TC-S7010 (Med-
ChemExpress) and 0.25 μM of AZD1152 (MedChemEx-
press) were added to the culture medium 0.5 h before sample
collection [44, 45].

CUT&tag

The CUT&Tag assay was performed using the Hyperactive
Universal CUT&Tag Assay Kit for Illumina Pro (Vazyme) ac-
cording to the manufacturer’s recommendations. Specifically,
100 000 cells were immobilized and permeabilized on ConA
magnetic beads. The primary antibody was added and incu-
bated overnight at 4◦C. After washing with Dig-wash buffer,
the secondary antibody was added and incubated for 1 h at
room temperature. After washing three times with Dig-wash
buffer, 100 μL of Dig-300 buffer containing 0.04 μM pA/G-

Tnp Pro was added to the sample. Samples were incubated at
room temperature for 1 h and then washed three times with
Dig-300 buffer. Samples were then fragmentized in 50 μL of
TTBL buffer for 1 hr at 37◦C before 0.25 pg DNA spike-in
was added to each sample. Then, 25 μL DNA Extract Beads
Pro was added to each sample and incubated at room temper-
ature for 20 min to extract the DNA fragments. DNA sam-
ples were amplified for 15 cycles using TruePrep Index Kit
(Vazyme) and products were purified by VAHTS DNA Clean
Beads (Vazyme) for library preparation. Sequencing was per-
formed on Illumina Novaseq 6000 (Novogene). Sequencing
reads were trimmed for adapters using fastp and mapped to
a combined genome index comprising both the spike-in se-
quence and the human genome (hs1) using Bowtie2. Read
counts mapping to the spike-in sequence were used to generate
normalization factors. The alignments to the human reference
genome (hs1) were normalized using these spike normaliza-
tion factors and then converted into bigWig files for visualiza-
tion using bedtools and bedGraphToBigWig. The peaks were
called using MACS2 as described in the “Chromatin Isolation
by RNA Purification and Sequencing” section above.

Ethynyl-uridine-labeled RNA sequencing

The Click-iT Nascent RNA Capture Kit (Invitrogen) was used
to capture the nascent RNAs. Briefly, RPE1 cells were incu-
bated with 0.5 mM 5-ethynyl-uridine (EU) for 1 h before to-
tal RNA was extracted using TRIzol reagent (Invitrogen). The
EU-labeled RNAs were biotinylated and captured according
to the manufacturer’s instructions. RNAs captured on Dyn-
abeads MyOne Streptavidin T1 served as the templates for
cDNA synthesis using SuperScript VILO cDNA synthesis kit
(Invitrogen). Double-stranded cDNA was synthesized with
the Second Strand cDNA Synthesis Kit (Invitrogen) and pu-
rified by the PureLink PCR Micro Kit (Invitrogen) as recom-
mended by the manufacturer. Sequencing was performed on
Illumina Novaseq 6000 (Novogene). Raw reads were trimmed
for adapters using fastp, and the clean reads were then mapped
to the human reference genome (hs1) using Bowtie2. The
counts of reads mapping to annotated α-satellite transcripts
were obtained with bedtools, followed by normalization by
read depth.

Co-immunoprecipitation

The cells designated for co-immunoprecipitation (Co-IP) were
harvested using trypsin-EDTA (Gibco) and washed twice with
PBS. The cell pellet was lysed with lysis buffer (50 mM Tris-
HCl pH7.5, 150 mM NaCl, 1% NP-40, supplemented with
the Protease Inhibitor Cocktail (Transgene), Phosphatase In-
hibitor Cocktail (Transgene), and 1 mM DTT) for 15 min at
4◦C. The cell lysate was sonicated for 5 min (30 s on, 30 s
off, Diagenode Bioruptor plus) in a 4◦C water bath, followed
by centrifuge for 15 min at 12 000 g to remove the insolu-
ble fraction. The supernatant was incubated with specific an-
tibodies or IgG overnight and then with Protein G Dynabeads
(Invitrogen) for 2 h at 4◦C. The Dynabeads were washed five
times with the lysis buffer. Protein samples were heated and
preserved in the protein sample buffer.

Quantification and statistical analysis

All cellular and biochemical experiments were repeated at
least three times. Error bars in the figures represent the stan-
dard deviation (SD). All image processing and quantification

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/7/gkaf294/8112698 by N

ational Science & Technology Library user on 23 April 2025

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf294#supplementary-data


6 Ren et al.

were performed using Image J or ZEN black as stated in
the corresponding methods. N indicates the number of mi-
totic cells quantified in each experiment. Statistical analyses
were performed using GraphPad Prism 8. Statistical signifi-
cance was calculated using the two-tailed unpaired Student’s
t-test when two independent groups were compared. Differ-
ences were considered statistically significant when P < 0.05.
For the CUT&Tag analysis, the comparison of peak enrich-
ment was analyzed using the Wilcoxon rank-sum test.

Results

α-Satellite RNA is dynamically expressed during the cell cycle
We began by examining α-satellite RNAs with northern

blots, and it was found that in human RPE1 and HEK293
cells,α-satellite transcription occurred bidirectionally (Fig. 1A
and B, and Supplementary Fig. S1A). Northern blot results
demonstrated that the α-satellite transcripts range from 100
nt to more than 2000 nt, and a comparable amount of sense
and antisense transcripts were observed (Fig. 1B). Therefore,
we suspected that α-satellite transcripts from both strands
could form RNA duplexes. RNA immunoprecipitation (RIP)
using the J2 antibody, which is specific for double-stranded
(ds) RNA, revealed that bidirectional transcripts of α-satellite
tandem repeats formed α-satellite dsRNAs in vivo (Fig. 1C)
[46, 47]. Strand-specific RT-qPCR demonstrated significant
enrichment of both sense and antisense α-satellite RNAs in
J2 RIP compared to the negative control IgG (Fig. 1C). To
exclude the theoretical possibility that dsRNA was formed
during the immunoprecipitation processes, we further visual-
ized the α-satellite RNA by smFISH. When RPE1 cells were
pre-treated with RNase A, the signal was abolished (Fig. 1D);
however, treating the cells with either RNase III (dsRNA-
specific endoribonuclease) or RNase TI (ssRNA-specific en-
doribonuclease) results in a decrease, but not the complete
abolishment of smFISH signals. These results suggested the ex-
istence of both single- and double-stranded α-satellite RNAs
in vivo.

To assess the expression of α-satellite RNA during the mi-
totic cell cycle, RPE1 cells were synchronized via a double
thymidine block. Upon release into the cell cycle, the distri-
bution of RPE1 cells across different cell cycle phases was
analyzed using flow cytometry (Fig. 1E), while the levels of
α-satellite RNAs were quantified by RT-qPCR (Fig. 1F). The
specificity of the primers was verified by the reduction of
PCR products in siRNA knockdown samples and through
Sanger sequencing of the amplicons (Supplementary Fig. S1B
and S1C). We found that the cellular level of α-satellite RNA
showed a burst increase during mitosis and decreased as cells
progressed through G1 and into the S phase (Fig. 1E and
F). A similar analysis was performed in mouse N2a cells,
and elevated amounts of major satellite RNA, but not mi-
nor satellite RNA, were observed in the mitotic N2a cells
(Supplementary Fig. S2). The activation of α-satellite RNA
transcription was corroborated by the capture of nascent
RNA utilizing ethynyl-uridine-labeled RNA sequencing (EU-
RNA-seq). Cells in the G1, S, G2, and M phases were har-
vested at 3, 6, 8, and 11 h after the double thymidine block
and release, respectively, and EU was introduced into the cul-
ture medium 1 h before cell collection. Compared with asyn-
chronous cells, those in the G2 and M phases exhibited signif-
icantly elevated levels of nascent α-satellite RNA, which indi-
cates active α-satellite transcription during mitosis (Fig. 1G).

However, the transcriptional activation was not uniformly dis-
tributed across the α-satellite repeat regions. Specifically, in
the M phase cells, 40% of the α-satellite repeats demonstrated
significant upregulation in transcriptional relative to asyn-
chronous cells (fold change > 2) (Fig. 1H). Conversely, 36%
and 24% of the α-satellite repeat regions exhibited no change
(0.5 ≤ fold change ≤ 2) or downregulation (fold change < 0.5)
during mitosis, respectively.

These findings suggest that α-satellite RNAs exhibit dy-
namic expression patterns throughout the mitotic cell cycle
and are actively transcribed during mitosis, with comparable
levels of bidirectional transcripts that can form dsRNA.

Mitotic transcription of α-satellite RNAs requires
activities of aurora kinases

The regulators of the cell cycle dynamic expression of α-
satellite RNAs were then investigated. Aurora kinases, includ-
ing Aurora kinase A (AURKA) and Aurora kinase B (AURKB),
are key orchestrators of mitosis and are localized at the cen-
tromeres when α-satellite RNAs were transcribed [48, 49].
AURKA plays a vital role in centrosome maturation and spin-
dle assembly, thereby facilitating accurate chromosome align-
ment and segregation during mitosis [48]. The autophospho-
rylation at Thr288 is essential for the catalytic activation of
AURKA [50]. AURKB, on the other hand, is critical for chro-
mosome segregation and the spindle assembly checkpoint,
thereby ensuring that the cells do not proceed to anaphase
until all chromosomes are properly attached to the spindle ap-
paratus [49]. Its kinase activity is required for the autophos-
phorylation of Thr232 loci [51].

To investigate the influence of the Aurora kinases on α-
satellite RNA expression, we evaluated the effect of inhibiting
AURKA and AURKB using the selective inhibitors TC-S7010
and AZD1152, respectively [52, 53]. Because both AURKA
and AURKB are known as crucial mitosis regulators and play
considerable roles in cell cycle progression, the treatment du-
rations and inhibitor concentrations were tested beforehand
to minimize the effects of possible cell cycle arrest during Au-
rora kinase inhibition (Supplementary Fig. S3) [54, 55]. His-
tone H3 Ser10 phosphorylation (H3S10P), a known substrate
of both kinases, was examined as a positive control for the
inhibitor treatments [56, 57]. Western blotting demonstrated
that both Aurora kinases were specifically activated during
the G2-M phase of the cell cycle, thus corroborating the find-
ings of previous studies (Fig. 2A) [58]. Treating cells with 2.5
μM of TC-S7010 for 0.5 h completely abrogated AURKA
Thr288 phosphorylation (T288P) without affecting AURKB
Thr232 phosphorylation (T232P), while treatment with 0.25
μM AZD1152 substantially diminished AURKB T232P with-
out impacting AURKA T228P, thereby confirming the efficacy
and specificity of both inhibitors (Fig. 2A). Treating cells with
AZD1152 results in a substantial reduction in the H3S10P
levels, thereby indicating the predominant role of AURKB in
H3S10P regulation (Fig. 2A and B). Furthermore, an addi-
tional decrease in the H3S10P signal was observed in cells
treated with both inhibitors, which suggests an additive ef-
fect of AURKA and AURKB on H3S10P (Fig. 2A and B).
Inhibition of either AURKA or AURKB kinase activity led to a
significant decrease in α-satellite RNA levels, especially in the
mitotic cells, suggesting both Aurora kinases were involved
in regulating the cell cycle dynamic expression of α-satellite
RNAs (Fig. 2C).
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Figure 1. Cell cycle dynamic expression of α-satellite RNAs. (A) Scheme representing the genomic organization of α-satellite and the transcription of
α-satellite RNAs. Wiggle lines represent α-satellite RNAs originating from both strands. (B) Northern blot of α-satellite RNAs in RPE1 cells. S, sense
transcripts; AS, antisense transcripts. RNAs from mouse N2a cells serve as negative control. (C) Immunoprecipitation with J2 antibody against
double-stranded RNAs follows with strand-specific RT-qPCR. The enrichment is relative to immunoprecipitation with the IgG antibody. The error bars
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SmFISH of α-satellite RNA in RPE1 cells pre-treated with RNases. Scale bar, 10 μm. (E) Cell cycle distribution of RPE1 cells determined by propidium
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n = 3. (G) EU-RNA-seq showing nascent α-satellite RNA levels in different cell cycle stages. Unpaired t-tests are used. (H) The stacked bar graph depicts
the proportion of α-satellite repeats that showed upregulation, downregulation, or remain stable of transcription within the mitotic cell cycle.
Asynchronous cells (Async) serve as the control..

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/7/gkaf294/8112698 by N

ational Science & Technology Library user on 23 April 2025



8 Ren et al.

AURKA T288P
AURKB T232P
AURKC T198P

anti-H3S10P

anti-SAF-A

anti-ACTB

AURKA inhibitor    -    +      -     +      -     +     -     +       -     +    -    +     -     +     -     +        -     +     -     +    -     +     -     +
AURKB inhibitor    -     -     +     +      -     -     +     +       -     -    +    +     -     -     +     +        -     -     +     +    -     -     +     +

Async S
2

S/G2
4

G2/M
6

M
8

M/G1
10

A

B

D

Time after release (hr)

Async 2 4 6 8 10
0.0
0.5
1.0
1.5

5
10
15
35
40
45
50

R
el

at
iv

e
H

3S
10

P
le

ve
ls

DMSO

AURKA inhibitor

AURKB inhibitor

AURKA+AURKB inhibitors

**

***

****

**

**

**

***

***

****

*

**

Time after release (hr)
Async 2 4 6 8 10

0

2

4

6

8

10

Time after release (hr)

R
el

at
iv

e
ex

p r
e s

si
on

le
v e

l o
f

αS
A

T

DMSO

*

**

AURKA inhibitor

AURKB inhibitor

AURKA+AURKB inhibitors

*

**

**

**

**

CREST αSAT H3S10P DAPI MERGE

DMSO

AURKA
 inhibitor

AURKB
 inhibitor

AURKA
+

AURKB
 inhibitors

kDa

45

40
30
20

13

135

90

40

45

C

Figure 2. Aurora kinases regulate the expression of α-satellite RNA. (A) Representative western blotting demonstrates the inhibition of Aurora kinases
in synchronized cells. AURKA inhibitor, TC-S7010 (2.5 μM); AURKB inhibitor, AZD1152 (0.25 μM). H3S10P serves as positive control; ACTB, β-actin,
serves as the internal loading control. (B) Quantification of H3S10P western blot in (A). (C) RT-qPCR analysis showing relative α-satellite RNA levels upon
Aurora kinase inhibition. DMSO, no drug control. Results are normalized to Async no drug control. The error bars represent SD, n = 6. Statistical
significance is calculated using unpaired t-tests and is reported as P < 0.05 *, P < 0.01 **, P < 0.001 ***, P < 0.0001 ****. (D) Representative images
of α-satellite RNAs (αSAT) smFISH, CREST, and H3S10P IF in cells treated with Aurora kinase inhibitors. Scale bar, 10 μm.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/7/gkaf294/8112698 by N

ational Science & Technology Library user on 23 April 2025



Chromatin-associated α-satellite RNA 9

Moreover, we assessed the impacts of Aurora kinase inhibi-
tion on the cellular levels of α-satellite RNAs using confocal
microscopy. CREST serum, which stains the inner kinetochore
regions, was used to visualize the centromeres (see methods
for details) [43]; while H3S10P was concurrently immunos-
tained to demonstrate Aurora kinase inhibition (Fig. 2D). Un-
der Aurora kinase inhibitors treatment, a drastic reduction in
α-satellite RNA smFISH signals was observed (Fig. 2D). It is
worth noting that, different from the additive inhibitory effect
observed of AURKA and AURKB inhibition on H3S10P, the
inhibition of either Aurora kinase resulted in a nearly com-
plete loss of α-satellite RNA smFISH signal, which suggests
that the expression of α-satellite RNAs was dependent on the
activities of both Aurora kinases.

α-satellite RNAs are centromere
chromatin-associated

Next, we proceeded to determine the localization of α-satellite
RNA within the mitotic cell cycle. α-Satellite RNAs examined
by smFISH predominately colocalized with the CREST IF sig-
nals (Fig. 3A). Throughout the cell cycle and during mitosis,
α-satellite RNA transcripts remained centromere chromatin-
associated (Fig. 3A), while it was reported that most of the
caRNAs were released from chromatin and underwent relo-
calization [32].

We then conducted ChIRP-seq experiments targeting α-
satellite RNA to further substantiate its association with
centromeric chromatin. For comparison, we analyzed the
publicly available CENP-A CUT&RUN dataset and the
H3K9me3 ChIP-seq dataset in RPE1 cells [37, 59]. The
genome-wide comparison revealed that the ChIRP-seq peaks
of the α-satellite RNAs significantly overlapped with CENP-A
CUT&RUN signals, thereby confirming that α-satellite RNAs
were predominantly localized within the centromere regions
of all chromosomes (Fig. 3B–D). In a more detailed classifica-
tion of the chromosome regions, it was observed that 83.50%
and 85.25% of α-satellite RNA ChIRP-seq peaks were local-
ized to the centromere region in both the asynchronous and
synchronized M phase cells, respectively (Fig. 3E). Notably,
the shorter p-arms appeared to bind more α-satellite RNAs
compared with the q-arms, which was likely attributed to
the presence of acrocentric satellite repeats that were specif-
ically located in the short arms of acrocentric chromosomes
(Fig. 3E). Sequence analyses of the α-satellite RNA binding
sites further revealed that over 95% of α-satellite RNAs were
specifically associated with DNA sequences that were anno-
tated as α-satellite, thus underscoring the high specificity of α-
satellite RNA binding sites (Fig. 3F). Collectively, these results
demonstrate that α-satellite RNAs are specifically associated
with centromeric chromatin throughout the entire mitotic cell
cycle.

α-satellite RNAs interact with SAF-A

We searched for α-satellite RNA binding proteins via an RNA
pull-down assay in asynchronous RPE1 cells using probes
against α-satellite RNAs (Fig. 4A). Silver staining revealed
the presence of several distinct protein bands coprecipitated
with α-satellite RNAs (Fig. 4A). These distinct silver-staining
bands, which were pulled down by both sense and antisense
α-satellite probes, were excised and subsequently analyzed by
gel-based liquid chromatography-tandem mass spectrometry
analysis. This analysis identified several putative α-satellite

RNA binding proteins, including the important nuclear scaf-
fold protein SAF-A (Fig. 4A, Supplementary Table S4). Con-
sidering the crucial roles and regulatory mechanisms of SAF-A
in both interphase and mitotic cells, we focused on this protein
for further investigation.

The coprecipitation of SAF-A with α-satellite RNA was ver-
ified first using RNA pull-down followed by western blot anal-
ysis (Fig. 4A). To further confirm the physical association be-
tween SAF-A and α-satellite RNAs, RIP was performed using
an SAF-A antibody (Fig. 4B). α-Satellite RNA was enriched in
the SAF-A immunoprecipitation compared with the IgG con-
trol, at relative enrichments that were comparable to those of
snRNA U5 and U6, which are established non-coding RNAs
that interact with SAF-A [24]. The major and minor satel-
lite sequences in mice are considered analogous to human α-
satellites [1, 8]. Utilizing biotinylated oligonucleotides target-
ing major and minor satellite RNAs, we identified an interac-
tion between SAF-A and major satellite RNAs but not with
minor satellite RNAs in mouse N2a cells (Supplementary Fig.
S4A and S4B). Consistently, RIP assays demonstrated that
endogenous major satellite RNA was significantly enriched
using a SAF-A antibody (Supplementary Fig. S4C). In con-
trast, minor satellite RNA did not exhibit significantly higher
enrichment with the SAF-A antibody than that of the neg-
ative IgG control (Supplementary Fig. S4C). These findings
further substantiate that, in mice, SAF-A interacts specifi-
cally with major satellite RNAs but not with minor satellite
RNAs.

SAF-A contains four conserved domains (Fig. 4C): SAP
(SAF/Acinus/PIAS motif), which is known as the DNA bind-
ing domain; SPRY (splA and ryanodine receptor), which is
known as a protein interaction module; AAA + domain, which
is a conserved ATP-binding domain found in many ATPases;
and RGG domain, which is an RNA-binding domain. The two
SAF-A isoforms, designated as isoform a and isoform b, dif-
fer by only 19 amino acids within the linker region between
the SAP and SPRY domains (Fig. 4C) [60]. Despite being sit-
uated in a less structured region, the presence of these amino
acids appears to substantially influence the SAF-A 3D struc-
ture, as predicted by AlphaFold (Supplementary Fig. S5A)
[61]. Further analysis using PONDR identified that amino
acids 212–230 reside within an intrinsically disordered region
(IDR) (Supplementary Fig. S5B) [62]. Using mRNA expres-
sion data from GTEx (Version 10), we compared the expres-
sion levels of isoforms a and b across various human tissues.
In all human tissues analyzed, isoform a is predominantly ex-
pressed (Supplementary Fig. S6A). Given that α-satellite RNA
is expressed in a cell cycle-dependent manner, we investigated
whether the SAF-A expression level was similarly regulated
by the cell cycle. Because of the current limitation in the avail-
ability of antibodies to distinguish between SAF-A isoforms,
we assessed the mRNA levels of both isoforms using isoform-
specific primer pairs (Supplementary Fig. S6B). The results
indicated that in RPE1 cells, both isoforms were expressed
throughout the mitotic cell cycle. Notably, there was a signif-
icant upregulation (fold change > 2 relative to asynchronous
cells) of SAF-A isoform a mRNA during the late S and early
G1 phases of the cell cycle. In contrast, isoform b mRNA
levels remained relatively low and exhibited less fluctuation
throughout the cell cycle (Supplementary Fig. S6B).

We incubated in vitro transcribed α-satellite RNAs with
recombinant SAF-A and found via an electrophoretic mo-
bility shift assay that both sense and antisense α-satellite
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Figure 4. α-Satellite RNA interacts with SAF-A. (A) Silver staining and western blot of RNA pull-down in RPE1 cells using α-satellite RNA targeting
probes. Scr, scramble; S, sense; AS, antisense. (B) RIP with SAF-A antibody and non-specific IgG antibody. Relative enrichments of RNA transcripts are
quantified using RT-qPCR. The error bars represent SD, n = 3. Statistical significance is calculated using unpaired t-tests and is reported as P < 0.05 *,
P < 0.01 **, P > 0.05 ns. (C) Schematic diagram of SAF-A domain architecture. The 19 amino acids that are missing in isoform b are indicated above. (D)
Gel shift assay showing the binding of SAF-A isoforms to α-satellite RNA. -, no protein control; hnRNPA1, no binding control. (E-F) RNA pull-down of (E)
FLAG-tagged SAF-A isoforms and (F) FLAG-tagged SAF-A truncation constructs using biotinylated α-satellite probes. EV, empty vector; anti-SAF-A shows
the endogenous SAF-A levels; ACTB, β-actin, serves as the internal loading control.

transcripts interacted with SAF-A isoform a, but showed little
interaction with isoform b (Fig. 4D). α-Satellite dsRNA also
showed a specific preference toward SAF-A isoform-a (Fig.
4D). To confirm this isoform-specific interaction between
SAF-A and α-satellite RNA, FLAG-tagged SAF-A constructs
were transfected into RPE1 cells and subjected to an RNA
pull-down assay. Consistent with the results of the gel shift as-
say, α-satellite RNA exhibited a much higher affinity for the
SAF-A isoform a (Fig. 4E).

Consequently, domain truncation analysis was performed
on isoform a. The FLAG-SAF-A constructs with specific
domain truncations were ectopically expressed in RPE1
cells. The ectopic expression of these truncated SAF-A con-
structs induced slight alterations in the expression level

of endogenous SAF-A (fold change < 2 relative to empty
vector control), without influencing the α-satellite RNA lev-
els (Supplementary Fig. S7). The affinity of these domain-
truncated SAF-A constructs for α-satellite RNAs was evalu-
ated using an RNA pull-down assay (Fig. 4F). The trunca-
tion of the RGG domain largely abolished the interaction be-
tween SAF-A and α-satellite RNAs, which suggests that RGG
was the key domain for α-satellite RNA binding (Fig. 4F).
On the other hand, the loss of N-terminal SAP and SPRY
domains appeared to augment SAF-A’s affinity toward α-
satellite RNA, suggesting that they might also play a regula-
tory role in α-satellite RNA-binding (Fig. 4F).

These results collectively indicate that SAF-A engages in
physical interactions with α-satellite RNAs. Moreover, the as-
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sociation between α-satellite RNA and SAF-A is reliant on the
RGG domain of the protein and displays isoform specificity.

Cell cycle-dependent association of α-satellite RNA
and SAF-A

We next examined the localization of α-satellite RNAs and
SAF-A at different cell cycle stages (Fig. 5A). Immunofluo-
rescence microscopy revealed that SAF-A was broadly dis-
tributed within the nucleus during interphase and prophase
and exhibited substantial colocalization with centromeres and
α-satellite RNAs. However, in metaphase and anaphase, α-
satellite RNAs and SAF-A colocalization diminished, as SAF-
A was expelled from the mitotic chromosomes (Fig. 5A) [32].
Unlike α-satellite RNAs that are associated with chromo-
somes throughout the mitotic cell cycle, SAF-A appeared to
disassociate from the condensed chromosomes in metaphase
and anaphase and then were recruited back during telophase
(Fig. 5A).

The chromatin association of SAF-A in asynchronized cells
and mitotic cells were further assessed by CUT&Tag. As a
prevalent component of the nuclear scaffold, SAF-A demon-
strated a widespread association with chromatin, which in-
cluded a larger region than that of α-satellite RNA (Fig.
5B). Therefore, we performed a permutation test to confirm
the colocalization between SAF-A CUT&Tag peaks and α-
satellite RNA ChIRP-seq peaks (Supplementary Fig. S8A).
This analysis revealed a statistically significant difference
(P < 1 × 10−5, permutation test) in α-satellite RNA cover-
age between SAF-A CUT&Tag peaks and the non-peak con-
trol regions in both asynchronous and mitotic cells, under-
scoring the colocalization of SAF-A and α-satellite RNA. Con-
sidering the heterogeneity of α-satellite sequences, we further
investigated the potential features that may have influenced
their colocalization with SAF-A (Supplementary Fig. S8B,
Supplementary Table S5). As previously reported, the SAF-
A ChIP-seq peaks frequently coincide with the CTCF motif
[22]. Consequently, we analyzed the presence of CTCF motifs
within genomic regions that are covered by both α-satellite
RNA and SAF-A, as well as covered solely by α-satellite
RNA. A higher abundance of CTCF motifs was observed
within the regions covered by both α-satellite RNA and SAF-
A (P = 9.02 × 10−7 and P = 4.19 × 10−9 in asynchronous and
mitotic cells, respectively). In alignment with the immunoflu-
orescence results, a reduction in chromatin-associated SAF-A
is evident in mitotic cells (Fig. 5C). Particularly, at centromere
regions, there is also a pronounced decrease in centromere-
associated SAF-A within mitotic cells (Fig. 5D). Correspond-
ingly, RIP assays utilizing SAF-A antibodies revealed a signif-
icant decline in the interaction between SAF-A and α-satellite
RNAs during the M phase (Fig. 5E).

Collectively, these results suggest that SAF-A interacts with
α-satellite RNAs in a cell cycle-dependent manner. During in-
terphase, both SAF-A and α-satellite RNA are associated with
centromeric chromatin. However, during mitosis, SAF-A ap-
pears to undergo a dissociation and reassembly process, the
majority of SAF-A is disassociated from the mitotic chromo-
somes and subsequently reestablished upon the mitotic exit.

α-satellite RNAs and SAF-A interference results in
mitosis defects

To understand the importance of the dynamic expression and
interaction of SAF-A and α-satellite RNA during mitosis, we

induce the RNA interfered of α-satellite RNAs using a pair of
siRNAs (siASATs), which had been successfully used in pre-
vious studies [11]. Compared with the siNC negative con-
trol, siASAT-treated cells displayed significant reductions in
α-satellite RNA levels, without significantly altering cell cy-
cle progression (Fig. 6A,B, Supplementary Fig. S9A, and S9B).
Mitotic cells were stained for tubulin and CREST to de-
termine possible mitotic defects, and cells transfected with
siASATs exhibited a significantly elevated frequency of abnor-
mal mitotic phenotypes, particularly chromosome misalign-
ment, chromosome lagging, and multipolar mitosis (Fig. 6A
and C). Meanwhile, we knocked down SAF-A in RPE1 cells
using a pair of lentiviral vector-based shRNAs without sig-
nificantly influencing cell cycle progression (Fig. 6D and E
and Supplementary Fig. S9C). Similar chromosome misalign-
ment and missegregation phenotypes were observed in SAF-A
knockdown cells (Fig. 6D and F). These results demonstrate
that both α-satellite RNA and SAF-A are required for main-
taining the genome integrity during mitosis.

α-satellite RNA is required for the proper
localization of SAF-A during mitosis

The physical interaction between α-satellite RNAs and SAF-
A led us to examine whether α-satellite RNA was required
for the cell cycle-dependent chromatin association of SAF-A.
Therefore, we performed α-satellite RNA knockdown and ex-
amined the localization of SAF-A in these cells. In the con-
trol cells, SAF-A signals were observed on the chromatin dur-
ing interphase and prophase, and thereafter SAF-A signals
were evacuated from the condensed chromosome region dur-
ing metaphase and anaphase and then re-localized to this re-
gion during telophase (Figs 5A and 7A). In α-satellite RNA
knockdown cells, more than 20% of telophase cells exhibited
a failure in recruiting SAF-A to the chromatin, which is a sig-
nificantly higher proportion than that of the control cells (Fig.
7A and B). Meanwhile, approximately 12% of the metaphase
cells failed to exclude chromosome-associated SAF-A, which
was significantly higher than that in the control cells (Fig. 7A
and C). The SAF-A protein levels were not affected by α-
satellite RNA knockdown (Fig. 7D). These results indicated
that α-satellite RNA was required for the chromosome evic-
tion and loading of SAF-A during mitosis progression. In par-
allel, we examined the localization of α-satellite RNA follow-
ing the knockdown of SAF-A with shRNAs (Supplementary
Fig. S10). When compared with cells transfected with con-
trol shRNAs, cells transfected with shSAF-As did not exhibit
any significant changes in the localization of α-satellite RNAs
(Supplementary Fig. S10).

We then tested whether α-satellite RNA depletion influ-
enced the nuclear lamina assembly by investigating the recruit-
ment of nuclear lamins. The distribution of lamins within the
nucleus is characterized by a distinctive boundary that corre-
sponds to the nuclear membranes (Fig. 8A) [63]. In RPE1 cells,
the nuclear lamin boundaries break down at prophase and
reassembled in telophase (Fig. 8A). Co-immunoprecipitation
assays revealed a direct interaction between SAF-A and the
nuclear lamins (Fig. 8B and C). Accordingly, a significant in-
crease in the failure or incomplete assembly of nuclear lamins
at the mitotic exit was observed with SAF-A knockdown (Fig.
8D and E). Furthermore, in cells subjected to siASAT knock-
down, failure or incomplete assembly of nuclear lamins at the
mitotic exit was also significantly increased (Fig. 8F and G).
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Figure 5. Cell cycle-dependent association of SAF-A and α-satellite RNA. (A) Representative images of α-satellite RNA smFISH and SAF-A IF at different
cell cycle stages. Scale bar, 10 μm. (B) Circos plot showing the chromatin association of SAF-A and α-satellite RNA. Items displayed from the outer to
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boxplot demonstrate the enrichment of SAF-A CUT&Tag peaks at centromere regions. The P was calculated using the Wilcoxon rank sum test. (E) RIP
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Figure 6. Knockdown of α-satellite RNA or SAF-A leads to chromosome missegregation phenotypes in mitotic cells. (A) Representative CREST and
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These results demonstrate that α-satellite RNAs and SAF-A
are crucial for the proper reassembly of the nuclear lamina
upon mitotic exit.

Lamina-associated polypeptide 2 (LAP2) is a well-
established interaction partner of the nuclear lamins and plays
critical roles in mediating membrane-chromatin attachment
and lamina assembly (Supplementary Fig. S11A) [27]. Conse-
quently, we also assessed the impact of siASAT and shSAFA
knockdown on LAP2. Although the immunoprecipitation as-
says did not reveal a direct interaction between SAF-A and
LAP2 (Supplementary Fig. S11B), immunofluorescence analy-
ses demonstrated that SAF-A or α-satellite RNA knockdown
resulted in a significantly increased incidence of LAP2 misas-
sembly in telophase cell (Supplementary Fig. S11C--F), which
indicated that SAF-A and α-satellite RNA directly regulated
nuclear lamins, and through this regulation, affected the re-
cruitment of other nuclear membrane proteins such as LAP2.
These findings further emphasize the important roles of α-
satellite RNA and SAF-A in the proper assembly of the nuclear
lamina at mitotic exit.

Overall, our results reveal that α-satellite RNAs are dynam-
ically expressed in the mitotic cell cycle under the regulation
of Aurora kinases and are transcribed bidirectionally to pro-
duce sense, antisense, and dsRNAs. α-Satellite RNAs physi-
cally interact with the SAF-A in a cell cycle-dependent manner.
Unlike most other SAF-A binding RNAs, α-satellite RNAs re-
main associated with the centromeric chromatin throughout
the mitotic cell cycle, whereas SAF-A undergoes dynamic dis-
sociation and reassembly with the chromatin during mitosis
(Fig. 9). Furthermore. the presence of α-satellite RNAs is re-
quired for the accurate dissociation and recruitment of SAF-A
during mitosis, and together they play a notable role in the
reconstruction of the nuclear lamina and the preservation of
the genome integrity during mitosis.

Discussion

It has been reported that most RNAs that are stably associated
with interphase chromosomes are repetitive in nature [64].
However, less is known about the RNA molecules that are
associated with mitotic chromosomes. As the most abundant
centromeric repeats, α-satellite originated transcripts are sta-
bly associated with chromosome centromere regions. Unlike
most other caRNAs, which detach from the mitotic chromo-
somes, α-satellite RNAs appear to adhere tightly to the cen-
tromere regions. In this study, we demonstrated that these cen-
tromere chromatin-associated α-satellite RNAs are important
for the recruitment of SAF-A at mitotic exit and participate
in the maintenance of mitotic chromosome structure, reestab-
lishment of the nuclear matrix, and the reassembly of nuclear
lamina.

As demonstrated in this study, α-satellite RNAs are het-
erogeneous RNAs of sense, antisense, and dsRNAs with vari-
ous lengths. Because of their high repetitiveness, it is challeng-
ing to precisely obtain the nucleotide sequences of α-satellite
RNAs, which has hindered research on the functional roles
of α-satellite RNAs to an extent. Current developments in
genome sequencing and the completion of the human genome
with all the repeat sequences have enabled the distinction of
α-satellite RNAs from different genomic regions [2, 3]. In this
study, we focused on the SAF-A, which can bind the α-satellite
RNA sense, antisense, and dsRNA forms. The other α-satellite

RNA interacting proteins identified in this study required fur-
ther verification and investigation. It is possible that different
α-satellite RNA forms or certain subsets of α-satellite RNA
may possess some specific functions via distinct interactors,
which needs to be addressed in future studies.

RNA pull-down and gel shift assay results revealed that
α-satellite RNA specifically interacts with isoform a, but not
with isoform b, of SAF-A (Fig. 4D and E). This finding is in-
teresting given that the two isoforms differ by only 19 amino
acid residues located within the IDR situated between the
SAP and SPRY domains (Supplementary Fig. S5B). It is doc-
umented that SAF-A interacts with RNA via its C-terminal
IDRs within the RGG domain [20]. The IDRs within SAF-A’s
AAA + domain have been suggested to facilitate its oligomer-
ization with caRNAs, a process essential that is essential for
maintaining the large-scale chromatin structure during inter-
phase [21]. However, the function of the IDR located between
the SAP and SPRY domains remains poorly understood. Our
findings hint that these IDRs may contribute to the selective
RNA binding of SAF-A. Further structural characterization
of SAF-A is required to elucidate the molecular mechanisms
underlying its selective RNA binding. Insights garnered from
these studies would advance our understanding of SAF-A’s di-
verse functions.

The transcription of α-satellite RNA is tightly regulated,
and its proper expression is essential for centromere function-
ality as well as genome stability [12–14]. A key function of
α-satellite RNA is its involvement in the assembly and main-
tenance of the kinetochore complex [5]. Previous studies have
demonstrated that α-satellite RNA interacts with critical kine-
tochore proteins, including CENP-A and CENP-C, which are
crucial for the accurate attachment of microtubules to chro-
mosomes during prometaphase [9–11]. The presence of α-
satellite RNA is necessary for the correct localization of these
proteins, thereby ensuring precise chromosome segregation
and preventing aneuploidy [10, 11]. Furthermore, α-satellite
RNA plays a role in the regulation of centromere-nucleolus
associations. These interactions are crucial for suppressing
the expression of α-satellite transcripts during interphase, and
their dysregulation can result in chromosomal instability [7].
Similarly, SAF-A is a multifunctional protein that performs
various roles at different cell cycle stages [21, 32, 65]. In inter-
phase cells, SAF-A plays a crucial role in preserving the struc-
tural integrity of chromatin as well as regulating gene expres-
sion. It interacts with caRNAs to form a dynamic chromatin
mesh that arranges large-scale chromosomal structures and
maintains genome stability [21]. Conversely, in mitotic cells,
SAF-A is implicated in the redistribution of RNAs away from
chromosomes, which is a process that is essential for ensuring
the fidelity of chromosome segregation, thereby emphasizing
SAF-A’s involvement in chromosomal remodeling during cell
division [32]. In addition, it has been reported that SAF-A un-
dergoes phosphorylation at serine 59 during cell division, a
modification that is proposed to be vital for accurate chromo-
some alignment and segregation, as mutations at this site re-
sult in mitotic anomalies [65]. Both α-satellite RNA and SAF-
A appear to undergo functional transformations throughout
the mitotic cell cycle. In this study, we demonstrated that
the transient disassociation and re-association of α-satellite
RNA and SAF-A are critical for maintaining genomic integrity
during mitosis and for the reassembly of the nuclear lamina
upon mitotic exit.
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Figure 9. A working model of α-satellite RNAs and SAF-A during mitosis. Both α-satellite RNA and its interacting partner SAF-A are chromatin-associated
in interphase cells. Most caRNAs and SAF-A are excluded from the mitotic chromosomes to allow proper chromosome condensation. Whereas,
α-satellite RNAs are tightly associated with the centromere throughout the cell cycle. The cell cycle-dependent expression of α-satellite RNA is
regulated by Aurora kinases. α-Satellite RNA facilitates the re-establishment of SAF-A in telophase and together aid in regulating the chromatin and
nuclear lamina at mitotic exit.

During the cell cycle, chromatin undergoes considerable
structural transitions, which are essential for gene expres-
sion regulation and the maintenance of genomic stability.
These transitions are tightly regulated and include a complex
interplay of chromatin-associated proteins and RNAs. The ex-
clusion of caRNAs from mitotic chromosomes is a critical as-
pect of chromatin dynamics during cell division [32, 66]. This
study identified α-satellite RNA as a caRNA that remains as-
sociated with chromosomes during mitosis (Fig. 3). SAF-A is
recognized as a key protein in maintaining chromatin struc-
ture during interphase [21]; however, we discover that during
mitosis SAF-A is released from the chromatin, which may be
a part of the broader chromatin structure reorganization. Our
study demonstrates that SAF-A is released from chromatin in
cells transitioning from metaphase to anaphase (Fig. 5A). Fur-
thermore, SAF-A CUT&Tag and RIP analyses reveal a modest
yet significant reduction in chromatin-associated SAF-A dur-
ing mitosis, both genome-wide and at the centromere regions
(Fig. 5B–E). The observed variation in the extent of SAF-A ex-
clusion from chromatin may be attributed to the fact that not
all synchronized cells precisely align within the metaphase-
to-anaphase of the cell cycle, suggesting that SAF-A exclu-
sion and recruitment occur within a very brief time frame.
The failure to recruit SAF-A immediately following this pe-
riod impairs nuclear lamina reassembly at the mitotic exit
(Fig. 8).

Repetitive RNAs have been reported to be innately stable
[64]. In particular, a recent study showed that some RNAs de-
rived from major and minor satellites can be retained in mouse
brain cells for years and help to maintain the centromeric
heterochromatin [67]. Our study demonstrates that, through
its association with centromeric chromatin, α-satellite RNAs
may help re-establish the chromatin structure in the next cell
cycle. α-Satellite RNAs are degraded by endogenous RNA in-
terference [11], and we show here that α-satellite RNAs are
being actively transcribed during mitosis and promoted by
Aurora kinases. A delicate balance of α-satellite RNA levels
is required to maintain genome integrity during the series of
chromatin structural changes in mitosis. Further studies are
required to examine whether α-satellite dsRNAs can be pro-
cessed into endogenous siRNAs, which can then regulate the
levels of sense and antisense α-satellite transcripts through the
endogenous RNA interference pathway. How the production
and eradication of α-satellite RNAs are coordinated to ensure
the proper levels and functions of α-satellite RNAs also needs
further study.

Other than in human cells, centromeric satellite RNAs have
been identified in almost all eukaryotes, such as in mice,
flies, nematodes, and yeasts. Despite the large differences in
their nucleotide sequences, these satellite RNAs appear to per-
form some common functions [8, 68]. Here, we revealed that
the major satellite RNAs in mouse cells are expressed in a
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cell cycle-dependent manner. Furthermore, the interaction be-
tween the centromeric satellite RNA and SAF-A is also ob-
served with mouse major satellite RNA, but not with minor
satellite RNA, suggesting a partially conserved function of the
centromeric satellite RNA/SAF-A complex in regulating chro-
matin and the nuclear matrix during mitosis.
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