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Abstract

hnRNP ULI plays an important role in cell nuclei, where it is recruited to DNA damage sites and is
involved in the repair of DNA double-strand breaks. Furthermore, this protein is known as a
transcriptional repressor of RNA polymerase |l genes. In the present study, we have shown that hnRNP
UL1 is also localized in the nucleoli of human cells. Upon investigating its function, we found that hnRNP
ULI stimulates ribosomal DNA (rDNA) gene transcription. Moreover, we observed that cells with
hnRNP ULT silencing exhibited increased sensitivity to DNA damage. We also showed that hnRNP ULI
interacts with YH2A.X, RPA32, XRCCI, and Chk] in cell nucleoli, suggesting its involvement in the repair

of rDNA damage.
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Introduction

The nucleolus is primarily the site of ribosomal
RNA (rRNA) synthesis and ribosome assembly. It is
the most transcriptionally active cellular organelle
due to its repetitive sequences of ribosomal DNA
(rDNA) genes [8]. The high content of nucleic acids
and ribosomal proteins creates a unique physical
environment and influences the overall architecture of
the nucleus. Sites containing rDNA genes are called
nucleolar organizer regions (NORs) and are located
on the short arms of acrocentric chromosomes 13, 14,
15, 21, and 22. The long intergenic spacer (IGS), which
is 30 kb, contains regulatory elements that are located
between rDNA units. Ribosomal RNAs are
synthesized by RNA polymerase I (RNA Pol I). The
rRNA gene is repetitively transcribed and generates a
polycistronic unit called 47S pre-rRNA, which is
further processed and modified into 18S, 5.8S, and 285
rRNA. In the next step of ribosome biogenesis, IRNAs
are simultaneously assembled into large and small
ribosomal subunits along with 55 rRNA
[7,10,11,17,39,45,53,58,67]. Both  mutations and
deletions of genes related to ribosome biogenesis,
genes related to rTRNA synthesis or modification, or

genes encoding ribosome-related proteins can cause
diseases termed "ribosomopathies" [16].

The organization of the nucleolus is linked to
ribosome biogenesis and it can be divided into three
subcompartments: i) the fibrillar center (FC), which
contains factors associated with rRNA transcription,
namely, RNA Pol I and factors such as DNA
topoisomerase I and upstream binding factor (UBF);
ii) the dense fibrillar component (DFC; the main site of
pre-rRNA synthesis), which surrounds the FC and
contains transcription factors, newly synthesized
pre-rRNAs, and pre-rRNA processing factors; and iii)
the granular component (GC), which surrounds the
FC and DFC and contains ribosomal proteins,
assembly factors, and nearly completed preribosomal
subunits. The GC is the site of late processing events,
when pre-rRNAs are assembled with ribosomal
proteins to form ribosomal subunits. In addition,
perinuclear heterochromatin (PH) surrounds the
nucleolus. Heterochromatin plays an important role
in nucleolar function by preventing homologous
recombination between rDNA repeats, which in turn
maintains nucleosome structure and rDNA stability
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[10,11,15,27,39,60].

Apart from its traditional role in ribosome
biogenesis, the nucleolus is also involved in other
cellular processes, including cell death, the cell cycle,
proliferation, telomere metabolism, stress responses,
energy production, DNA replication, recombination,
and repair [11,21,32]. Importantly, the nucleolar
protein profile is dynamic; it can be modulated by
changes in cell physiology during the cell cycle and
may be influenced by stress, tumor development,
signaling events and viral infections [1,14,46,48,52]. In
addition to rRNAs, the nucleolus also contains other
types of RNAs, such as small nucleolar RNAs
(snoRNAs). SnoRNAs are parts of small nucleolar
ribonucleoprotein (snoRNP) complexes and catalyze
rRNA posttranscriptional modifications and matura-
tion. Spliceosomal U snRNAs and signal recognition
particle (SRP) RNAs are also detected in the
nucleolus. Other known RNAs, such as SRP RNA and
RNase P RNA, also pass through the nucleolus [24].

Since ribosome production is a highly energy-
intensive process, the function of the nucleolus is
closely linked to cell growth and proliferation. In fact,
almost all signaling pathways that affect these
processes  directly regulate rRNA  synthesis.
Additionally, the nucleolus monitors cellular stress
signals and relays them to the RNA Pol I transcription
machinery. As a result, rRNA synthesis is turned off
to conserve energy, which is necessary to maintain
cellular homeostasis. In response to a series of
stresses, the nucleus activates a process called the
nucleolar surveillance pathway (NSP), which results
in the accumulation of the tumor suppressor protein
p53. Elevated levels of p53 lead to impaired
biogenesis and ribosome function, cell cycle arrest,
and, in extreme cases, apoptotic cell death [43,64].
Notably, nucleoli are also involved in cell
differentiation and cancer transformation. Rapidly
dividing cancer cells require an elevated rate of
biogenesis and ribosome growth; hence, the size and
number of nucleoli per cell are increased significantly
[64].

The high level of rRNA transcription and the
repetitive sequences of rDNA make rDNA susceptible
to damage [61,66]. rDNA is one of the most frequently
rearranged chromosomal regions in tumorigenesis.
The mechanisms of the nucleolar DNA damage
response (n-DDR) in maintaining genome stability
have become an antitumor research target [63]. DNA
double-strand breaks (DSBs) can arise as a
consequence of replication stress or be induced by
chemicals/enzymes or ionizing radiation (IR) [65].
Cells have evolved two main pathways to respond to
DSBs: nonhomologous end joining (NHE]), a faster
but mutagenic pathway involving DNA rejoining

[54], and homologous recombination (HR), a slower
pathway that requires homologous DNA sequences
[28,62]. The n-DDR and the consequences of
transcription arrest by inhibition of RNA Pol I lead to
nucleolar reorganization; that is, rDNA repeats and
associated proteins move from the nucleolar interior
to the periphery to form focal structures called
"nucleolar caps" [17,39,40,56].

Heterogeneous nuclear ribonucleoprotein U-like
protein 1 (hnRNP UL1), also known as adenovirus
early region 1B-associated protein 5 (E1B-AP5), has
been shown to play a role in transcription mainly by
acting as a transcriptional regulator that inhibits gene
expression; it also plays a role in splicing by directly
binding to DNA and/or RNA or by interacting with
other proteins in the spliceosome [4,18]. It has also
been reported that during cellular arrest, hnRNP UL1
represses the expression of replication-dependent
histone genes in a complex with U7 snRNP [29].
Moreover, hnRNP UL1 is involved in the cellular
response to DNA damage. hnRNP UL1 directly
interacts with p53 and inhibits its transcriptional
activity in response to UV radiation [2]. Moreover,
hnRNP UL1 interacts with the MRN complex
(MRE11, RAD50 and NBS1) via the NBS1 (Nibrin)
protein. hnRNP UL1 together with the MRN complex
and CtIP (C-terminal binding protein) is recruited to
the site of DNA damage to participate in DSB repair
[49]. To be recruited to these sites, hnRNP UL1 must
be methylated by protein arginine
N-methyltransferase 1 (PRMT1) [22]. hnRNP UL1 has
also been reported to mediate the DSB damage
response and/or repair in complex with poly
[ADP-ribose] polymerase 1 (PARP1), one of the most
important proteins required to maintain genome
stability [26]. Moreover, hnRNP UL1 is required for
ataxia telangiectasia and Rad3-related protein
(ATR)-dependent signaling in response to viral
infection [2,26]. In addition, hnRNP UL1 interacts
with the long noncoding RNA (IncRNA), DNA
damage-sensitive RNA1 (DDSR1), which affects cell
proliferation, DDR signaling, and DNA repair
capacity through HR. The interaction between DDSR1
and hnRNP UL1 regulates the ability of breast cancer
type 1 susceptibility protein (BRCA1) and the
BRCA1-A complex subunit RAP80 to access DSBs and
thus modulates HR [55].

In this study, we showed that hnRNP UL1 can
also be localized in the nucleoli of human cells. Upon
investigating its potential function, we found that
hnRNP UL1 stimulates the transcription of rDNA
genes. Moreover, we noticed that cells with hnRNP
UL1 knockout exhibited increased sensitivity to DNA
damage, and the results suggest a role of hnRNP UL1
in rfDNA repair pathways and nucleolar genome
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integrity. We confirmed that hnRNP UL1 interacts in
cell nucleoli with phosphorylated histone H2AX
(YH2A.X), replication protein A 32 kDa subunit
(RPA32), X-ray repair cross-complementing protein 1
(XRCC1), and cell cycle checkpoint kinase (Chk1),
suggesting its involvement in the repair of both DSBs
and single-strand DNA (ssDNA) breaks.

Materials and methods

Cells

HeLa, HEK293T and HEK293 cells were grown
in Dulbecco’s modified Eagle medium (DMEM) with
L-glutamine and 4.5 g/L glucose (Biowest)
supplemented with 10% fetal bovine serum (Biowest)
and antibiotics (100 U/ml penicillin, 100 pg/ml
streptomycin, 0.25 pg/ml amphotericin B [Sigmal]) at
37°C in a moist atmosphere containing 5% CO.. The
cells were checked for mycoplasma, and only healthy
cells were used for experiments. For DNA damage
induction, the genotoxic reagents etoposide (ETO,
type 1I topoisomerase inhibitor, Sigma #E1383) and
camptothecin (CPT, type I topoisomerase inhibitor,
Millipore #208925) diluted in DMSO were used. In the
immunofluorescence  experiment, cells  were
incubated with 10 pM ETO, 5 pM CPT or DMSO (as a
control) for 2.5 h. For the Trypan blue assay [35], cells
were treated with 0.5 pM ETO or 0.1 pM CPT. After
18, 24, 30, 48, 72, and 80 h, cells were detached with
trypsin (General Chemistry Laboratory IITD PAN)
and diluted 1:1 in Trypan blue (Invitrogen). Living
cells were counted using a cell counter (Countess II,
Invitrogen); the data are expressed as the percentage
of cells in relation to the control. For the comet assay,
cells were treated with 20 pM ETO and 10 uM CPT for
2.5 h before harvesting.

Generation of a human cell line with
HNRNPULI knockout and overexpression

A CRISPR-Cas9 system based on efficient
genome editing by the Cas9 nuclease was used to
create a HEK293T cell line with knockout of the
HNRNPUL1 gene (HEK UL1 KO), according to the
protocol already described by [51]. For this purpose,
two targets were selected using the CRISPR Design
Tool (https://zlab.bio/guide-design-resources), and
then oligonucleotides were designed for sgRNAs. The
following oligonucleotides were used:
hnRNPUL1-exon2Forward: 5-ACCGAAA
ACGAGTCAGGCTACGAG-3;  hnRNPULI-exon2
Reverse: 5-AAACCTCGTAGCCTGACTCGTTT
TC-3’; hnRNPUL1-exon3Forward: 5-CACCGTATGA
AGAAAACCGGGGACG-3; and hnRNPUL1-exon3
Reverse: 5-AAACCGTCCCCGGTTTTCTTCAT
AC-3'. The sequence overhangs used for ligation of

the Bbsl site pairs in PX458 (SpCas9-2A-EGFP,
Addgene #48138) and PX459 (SpCas9-2A-Puro,
Addgene #62988) are underlined. The primers used
for PCR of the HNRNPULI gene flanking the deletion
region were as follows: forward: 5-TCCGAGCTG
GAGGGGACCGC-3’; reverse 5-CCCTCCTATCCT
CTCGGTGC-3'.

For transient expression, we used the pcDNA3.1
plasmid with a subcloned FLAG-hnRNP UL1 coding
sequence, which was a kind gift from Prof. Stéphane
Richard of the Terry Fox Molecular Oncology Group
and Segal Cancer Center, McGill University,
Montréal, Québec, Canada. The cells were transfected
with  Lipofectamine 2000 according to the
manufacturer’s instructions. To create a HEK293 cell
line with stable expression of FLAG-hnRNP UL1
protein, a ready-to-use MultiMam™ Stable reagent kit
(GENEVA BIOTECH) was used. The coding sequence
of the HNRNPULI gene extended with the FLAG
sequence at the 5" end (in italics) was amplified using
the following primers with restriction enzyme site
overhangs (underlined): UL1.Nhel.F: 5-GCATC
GCTAGCATGGACTACAAAGACGATGACGACAAG
GATGTGCGCCGTC-3" and UL1.Nsil.R: - 5'-ACAGG
ATGCATCTACTACTACTGTGTACTTGTGCCA-3'.
The product was ligated into the pMDS donor vector.
Fusion to the pACEMam3/Integrator Module
plasmid was performed by Cre-LoxP recombination.
The pACEMam3 plasmid contains an FRT site,
making it compatible with the Flp-In™-293 Cell Line
(Life Technologies). HEK293 cells expressing
FLAG-hnRNP UL1 (HEK ULl OE cells) were
prepared according to the manufacturer’s protocol.
The overexpression of hnRNP UL1 was confirmed by
western blotting followed by immunostaining using
anti-FLAG antibodies (Supplementary Fig. S1).

Nucleolus isolation

Nucleolus isolation and nucleolar protein
extraction were carried out according to the protocol
described by [36]. After fractionation, the following
fractions were obtained: the nucleolar (NO) and
cytoplasmic-nuclear (CN) fractions (Supplementary
Fig. S2).

Antibodies

In this work, the following antibodies were used:
primary antibodies: anti-hnRNP UL1 (Abcam
#ab68480 or Santa Cruz Biotechnology #sc-393434),
anti-FLAG (Sigma #A8592), anti-Actin (MP #691001),
anti-Fibrillarin (Santa Cruz Biotechnology #sc-25397),
anti-Nucleolin (Abcam #ab22758), anti-FUS (Santa
Cruz Biotechnology #sc-47711), anti-yH2A.X (Santa
Cruz Biotechnology #sc-517348), anti-RPS6 (Abcam
#ab70227), anti-RPS15 (Antikoerper #ABIN2786563),

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

4812

anti-RPA32  (Bethyl Laboratories #A300-245A),
anti-pChkl (Cell Signaling Technology #2341),
anti-XRCC1 (Invitrogen #MAb5-13412), anti-53BP1
(Abcam #ab175933), anti-Rad50 (Abcam #ab124682),
anti-RPA194 (Santa Cruz Biotechnology #sc-46699),
normal mouse IgG (Santa Cruz Biotechnology
#5c-2025), and anti-digoxygenin-AP Fab fragments
(Roche #11093274910); secondary antibodies: goat
anti-mouse IgG-horseradish peroxidase (HRP) (Santa
Cruz Biotechnology #sc-516102), goat anti-rabbit
IgG-HRP (Santa Cruz Biotechnology #sc-2004),
anti-mouse Alexa Fluor 555 (Thermo Fisher Scientific
#A21422), anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific #A32723), anti-rabbit Alexa Fluor 555
(Thermo Fisher Scientific #A32732) or anti-rabbit
Alexa Fluor 488 (Thermo Fisher Scientific #A32731).

Protein extraction, gel separation, western
blotting and immunostaining

Protein extraction from whole cells (WCs), CN
and NO fractions was performed with RIPA buffer (50
mM Tris-HCI, pH 8.0; 150 mM NaCl; 0.1% SDS; 0.5%
sodium deoxycholate; 1% Triton X-100; 1 mM PMSEF;
cOmplete protease inhibitor cocktail tablets,
EDTA-free). The samples were incubated for 15 min
on ice and then centrifuged for 30 min at 4°C and
16,000% g. The supernatant containing protein extract
was transferred to a fresh tube and used for further
analysis. For SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), samples were mixed with gel loading
buffer, denatured for 5 min at 95°C and then loaded
on the gel. Electrophoresis was carried out with a 25
mA current. After electrophoresis, the proteins were
transferred from the gel to a polyvinylidene
difluoride (PVDF) membrane (Millipore) using a
semidry system. After transfer, the membrane was
blocked in 5% BSA overnight at 4°C and then
incubated for 2 h at room temperature, first with
primary antibodies and then with HRP-conjugated
secondary antibodies. The signals were detected using
an enhanced chemiluminescence (ECL) system
(Healthcare).

Immunoprecipitation (IP) and chromatin IP
(ChIP)

For IP, the protein extracts from WCs and from
the CN and NO fractions of wild-type HEK293 (HEK
WT) or HEK UL1 OE cells were used. A total of 250 pg
of protein extract isolated from HEK WT cells was
incubated with Dynabeads Protein G conjugated with
anti-hnRNP UL1 antibodies for 1.5 h at 4°C and then
subjected to 3x 10 min washes in PBS with 0.02%
Tween 20 (PBS-T) and eluted at 95°C for 10 min in 1x
SSB buffer (50 mM Tris-HCI pH 6.8, 10% glycerol, 2%

SDS, 10 mM DTT, 0.1% bromophenol blue). Protein G
Dynabeads without antibodies were used as a
negative control. A total of 250 ug of protein extract
isolated from HEK UL1 OE cells was incubated
overnight at 4°C with magnetic beads conjugated
with anti-FLAG antibodies, washed five times with
PBS-T and once with lysis buffer (50 mM Tris pH 7.8,
150 mM NaCl, 0.1% NP40) and eluted in 1x SSB buffer
at 95°C for 10 min. Protein extract from HEK WT cells
was used as a negative control. After elution,
immunoprecipitated proteins were separated by SDS-
PAGE, transferred to PVDF membranes, and detected
by immunofluorescence.

In another approach, hnRNP ULl-interacting
proteins were immunoprecipitated from HEK UL1
OE cells using pMACS™ Epitope Tag Protein
Isolation Kits (MACS Molecular) according to the
manufacturer’s protocol. After IP, the proteins were
precipitated by trichloroacetic acid (TCA), as follows:
100 pl  of immunoprecipitated protein was
precipitated by adding 50% TCA to a final
concentration of 10% and Tween 20 to a final
concentration of 0.5%. The mixture was incubated on
ice for 30 min and then centrifuged for 10 min at 4,000
rpm at 4°C. Next, the pellet was washed once with
cold 10% TCA and twice with cold 90% acetone. After
each wash, the pellet was centrifuged for 10 min at
14,000 rpm at 4°C. After the last centrifugation, the
supernatant was removed, and the pellet was
air-dried at room temperature. Mass spectrometry
analysis was performed in the Mass Spectrometry
Laboratory, Institute of Biochemistry and Biophysics,
Polish Academy of Science, Warsaw, Poland.

The ChIP experiment was performed as
described by [19] using an antibody against RNA Pol I
(anti-RPA194). The precipitated DNA was analyzed
by quantitative PCR (qPCR) using the following
gene-specific primer pairs: RDNA.PROMOTER.F,
5-GGTATATCTTTCGCTCCGAG-3’, and RDNA.
PROMOTER.R 5-AGCGACAGGTCGCCAGAG
GA-3; IGSF, 5-TGGTGGGATTGGTCTCTCTC-3,
and IGS.R 5-CAGCCTGCGTACTGTGAAAA-3;
RNA5SF, 5-CATACCACCCTGACGCG-3, and
RNA5S.R, 5-CTACAGCACCCGGTATTCCC-3’; RN
A5.85F, 5-ACTCGGCTCGTGCGTC-3, and RNAS.
8S.R, 5-GCGACGCTCAGACAGG-3; RNAISSF,
5-GATGGTAGTCGCCGTGCC-3', and RNAISSR,
5-GCCTGCTGCCTTCCTTGG-3'; RNA28S.F, 5'-AGA
GGTAAACGGGTGGGGTC-3', and RNAZ28SR,
5-GGGGTCGGGAGGAACGG-3’; RNA45SF,
5-GAACGGTGGTGTGTCGTT-3, and RNA45SR,
5-GCGTCTCGTCTCGTCTCACT-3’; and RNA47S.F,
5-GTGCGTGTCAGGCGTTCT-3’, and RNA47SR
5-GGGAGAGGAGCAGACGAG-3'.
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RNA isolation, cDNA synthesis, and qPCR

RNA was isolated using a Direct-zol™ RNA
MiniPrep Kit (ZYMO RESEARCH #R2052).
First-strand cDNA was synthesized in the presence of
random hexamers and Superscript III Reverse
Transcriptase (SSIIIRT, Thermo Fisher) according to
the manufacturer’'s protocol. Then, the cDNA
template was diluted 4 times and used for qPCR
amplification with gene-specific oligonucleotide
primer pairs and Power SYBR Green PCR Master Mix
(Applied Biosystems™ = #4309155). qPCR was
performed using a QuantStudio™ 6 or 7 thermocycler
(Thermo Fisher) with the following program: 95°C for
10 min and 40 cycles of 95°C for 15 s and 60°C for 1
min. The results of RT-qPCR analyses for rDNA gene
expression in WCs and the CN fraction were
normalized to the results for GAPDH, and those for
the NO fraction were normalized to the results for U3
snoRNA. The statistical significance of the RT-qPCR
results was determined by Student’s t test.

RNA-seq data preparation and analysis

RNA quality was checked using an Agilent
Bioanalyzer 2100, and samples with an RNA integrity
number (RIN) > 8.0 were used for library preparation.
Five hundred nanograms of RNA was used for the
preparation of the libraries without rRNA depletion.
A CORALL Total RNA-Seq Library Preparation Kit
(Lexogen, Vienna, Austria) was used to prepare
libraries following the manufacturer’s instructions.
An Agilent High Sensitivity DNA Kit (Agilent, Santa
Clara, CA, USA) was used to assess library quality on
an Agilent Bioanalyzer 2100, and the libraries were
quantified using a Qubit™ dsDNA HS Assay Kit
(Invitrogen™). RNA sequencing was performed for
75 bp single reads using an Illumina NextSeq 500
platform at the Lexogen NGS facility (Vienna,
Austria). The raw FASTQ files were processed.
Briefly, the quality of the raw FASTQ files was
assessed  using  fastqc/0.11.4 (http:/ /www
.bioinformatics.bbsrc.ac.uk/projects/fastqc).  Cuta-
dapt 3.7 [41] was used with the default parameters to
remove adapter sequences and low-quality reads
from the FASTQ files. The processed FASTQ files
from the previous step were aligned to the GRCh38
human genome assembly using the STAR/2.7.8a [13]

aligner = with  the  following  parameters:
outSAMattributes--All, outFilterType--BySJout,
outFilterMultimapNmax--20, outFilterMismatch

Nmax--999, outFilterMismatchNoverLmax--0.04, and
outFilterIntronMotifs--RemoveNoncanonical. A raw
count matrix was obtained from the aligned BAM files
in FeatureCounts [37]. Differentially expressed genes
(DEGs) were obtained with DESeq2 [38] in the R
package with the default parameters. DEGs with a

P-adjusted (Padj) value less than 0.05 were considered
significant. Volcano plots were generated using the R
package ggplot2 [68].

Northern blot analysis

Northern blot analysis was performed as
previously described [59] with some modifications.
Briefly, 6 pg of total RNA was separated on a 1.2%
denaturing agarose gel containing 1x H-E buffer (20
mM HEPES, 1 mM EDTA, pH 7.8) and 6%
formaldehyde. Electrophoresis was performed in 1x
H-E buffer at 55 V with recirculation for 7 h. After
electrophoresis, the gel was subjected to mild alkaline
treatment (10 min in 50 mM NaOH/10 mM NaCl),
neutralization (10 min in 2.5x TBE) and equilibration
in 2x SSC (0.3 M NaC(l, 30 mM sodium citrate). The
RNA was transferred overnight by capillary transfer
to a Hybond N+ nylon membrane using 20x SSC (3 M
NaCl, 0.3 M sodium citrate) and then immobilized on
the membrane by UV crosslinking (1200x100 pJ/cm?).
For detection of pre-rRNA processing intermediates,
the membrane was first prehybridized in 10 ml of
hybridization buffer (3.5% SDS, 0.375 M Na,HPO4 and
0.125 M NaHPO,;, 1% Blocking Reagent solution
[Roche, 11096176001], 0.1 mg/ml poly[A]) for 1 h at
60°C. The prehybridization solution was removed,
and 5 ml of fresh hybridization buffer was added
along with a DIG-labeled DNA probe at a final
concentration of 2 nM. The membrane was incubated
with the probe for 1 h at 60°C and then overnight at
37°C. The HPLC-purified DNA probes were labeled
using a DIG Oligonucleotide Tailing Kit (Roche,
03353583910) according to the manufacturer’s
protocol. The following day, the membrane was
washed twice with 2x SSC/0.1% SDS and then six
times with 0.2x SSC/0.1% SDS at the hybridization
temperature. After washing, the membrane was
subjected to immunodetection using anti-digoxigenin
antibody, and the immunoreactive bands were
visualized using the chemiluminescent substrate
CDP-Star (Sigma-Aldrich, C0712) according to the
manufacturer’s protocol, with some modifications.
Briefly, the membrane was first rinsed twice in 10 ml
of washing buffer, blocked for 40 min in 10 ml of
blocking solution, incubated with 10 ml of antibody
solution (1:2500) for 1 h, washed four times in
washing buffer, equilibrated for 5 min in detection
buffer, incubated with CDP-Star substrate and then
exposed to a luminescence imager. The following
probes were used: ETS: 5-CGGAGGCCCAA
CCTCTCCGACGACGACAGGTCGCCAGAGGACA
GCGTG-3, ITS1: 5-CCTCGCCCTCCGGGCTCCGTT
AATGATC-3, and ITS2: 5-CTGCGAGGGAACCCC
CAGCCGCGCA-3" [33].
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Microscopic analysis

For immunostaining, cells were cultured on
8-well uSlides (50000 cells/well), fixed with 4%
paraformaldehyde (PFA) for 12 min, washed in PBS,
permeabilized in 1xPBS+0.5% Triton X-100 for 15
min and washed again in PBS. The cells were then
incubated in blocking solution (1% BSA in PBS) for 30
min and then incubated with primary antibodies
diluted 1:200 in blocking solution for 1 h. The cells
were then washed 3x for 10 min in PBS and incubated
with secondary antibodies diluted 1:200 in blocking
solution for 45 min. Finally, the cells were washed 3x
for 10 min in PBS to remove any unbound antibodies,
stained with DAPI (Thermo Fisher Scientific) for 10
min and postfixed with 4% PFA for 5 min. Images
were acquired using an Olympus Fluoview 1200 IX83
confocal scanning microscope with a  60x
oil-immersion objective. Three channels were used to
acquire images with the following excitation
parameters: 488 nm for Alexa Fluor 488, 559 nm for
Alexa Fluor 555 and 405 nm for DAPIL The obtained
images were analyzed using Image] software.

Comet assay

For DNA damage measurement, a comet assay
kit (Abcam #ab238544) was used according to the
manufacturer’s protocol. Images were acquired using
an Olympus Fluoview 1200 IX83 confocal scanning
microscope with a FITC filter. CASPlab software was
used to analyze the results. Two parameters were
analyzed, the tail DNA % and tail moment. The tail
DNA % was calculated as follows: tail DNA % = 100x
tail DNA intensity/cell DNA intensity. The tail
moment was measured as the Olive Tail Moment
(OTM): OTM = tail DNA% x tail moment length. Fifty
cells were analyzed for each sample. The statistical
significance was determined by Student’s t test.

Polysome profiling

The experiment was performed in three
biological replicates, according to the protocol
adapted from [9].

Results

hnRNP UL interacts with ribosomal proteins
and affects rRNA levels

To identify proteins interacting with hnRNP
UL1, a plasmid encoding FLAG-hnRNP UL1 was
transiently =~ expressed in = HEK293T  cells
(Supplementary Fig. S1). Twenty-four hours after
transfection, whole-cell protein extract was isolated
and used for immunoprecipitation with an anti-FLAG
antibody; nontransfected cells were used as controls.
Immunoprecipitated proteins were identified by mass

spectrometry.  Interestingly, @ among  hnRNP
UL1-interacting factors, we found 5 proteins that were
defined as ribosomal proteins and/or proteins
involved in ribosomal assembly (Fig. 1A, B).
Furthermore, all selected proteins exhibit nucleolar
localization. They include rRNA processing protein 1
homolog B (RRP1B), ribosome biogenesis protein
BRX1 homolog (BXDC2/BRX1), RNA-binding protein
28 (RBM28), nuclear fragile X  mental
retardation-interacting protein 2 (NUFIP2) and 40S
ribosomal protein S3a (RPS3A).

To identify transcripts that can be affected by
hnRNP UL1l, we performed high-throughput
sequencing of RNA (RNA-seq) isolated from
HEK293T cell line with knockout of the HNRNPUL1
gene (HEK UL1 KO cell line), which was created
using the CRISPR-Cas9 system based on efficient
genome editing by Cas9 nuclease (Fig. 2A). To verify
the effectiveness of the strategy, a part of the sequence
encompassing the deletion region was analyzed using
primers designed several base pairs upstream and
downstream of the cut site (Supplementary Fig. S3).
Silencing of HNRNPULI gene expression was further
confirmed at the protein level by western blotting
followed by immunostaining and immunofluores-
cence using anti-hnRNP UL1 antibodies (Fig. 2B and
C). For RNA-seq, because previous results have
shown that hnRNP ULl interacts with
nucleolus-localized proteins, we decided to use RNA
isolated from cells fractionated into CN and NO
fractions without an rRNA depletion step
(Supplementary Fig. S2). The results from HEK UL1
KO cells were compared to those from HEK WT cells.
As shown in Table 1 and Supplementary Table S1, in
both the CN and NO fractions, we observed
significantly lower 5S, 5.8S, 18S, 285 and 455 rRNA
levels in HEK UL1 KO cells than in HEK WT cells. In
summary, both the RNA-seq and IP results suggest
that hnRNP UL1 might be involved in rDNA gene
transcription and/ or ribosome biogenesis.

Table 1. The expression of rDNA genes is affected in
hnRNP UL1 knockout cells. Selected transcripts represent 5S,
5.8S, 18S, 28S and 45S rRNAs that were significantly (p
value<0.05) changed in the CN and NO fractions in HEK UL1 KO
cells relative to HEK WT cells.

GenelD baseMean Fold Change p.value p.adj Fraction
RNA5-8SP8  92224,52912 0,300 0,000 0,000 CN
RNA5SP74  111,7623806 0,378 0,005 0,020 CN
RNA5-8SN3  52744,81405 0,526 0,030 0,202 NO
RNA5SP506  310,3483873 0,546 0,020 0,165 NO
RNA18SN3_1 1329605,513 0,597 0,033 0,210 NO
RNA45SN3_1 2388683,306 0,615 0,036 0,219 NO
RNA28SN1  1019822,894 0,624 0,035 0,217 NO
RNA18SN3  2506339,157 0,738 0,005 0,020 CN
RNA455N3_1 410913244 0,793 0,021 0,068 CN
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hnRNP ULI is localized in human nucleoli and
participates in rDNA gene transcription

As rDNA gene transcription and ribosome
biogenesis take place in the nucleolus, we tested
whether hnRNP UL1 can localize in this nuclear
region. As shown in Fig. 3, immunofluorescence
experiments confirmed that hnRNP UL1 colocalizes
with nucleolin in the nucleoli of human cells.

Given this observation and previous results from
RNA-seq, we concluded that hnRNP UL1 might be
involved in pre-rRNA synthesis and/or maturation in
the nucleolus. Therefore, in the next step, we tested
the transcription efficiency of rDNA genes and the
levels of mature rRNAs (55, 5.85, 18S, and 28S) and
their precursors (455 and 47S) by ChIP, Northern
blotting, and RT-qPCR. The ChIP assay was
performed on WC isolated from HEK WT and HEK
UL1 KO cells using anti-RNA Pol I antibody followed
by qPCR with primers designed to amplify different
regions of the rDNA gene locus (Fig. 4A). As shown in
Fig. 4B, knockout of hnRNP UL1 diminished the
binding of RNA Pol I at both the rDNA promoter
region and the 5.85, 18S, and 47S rDNA regions. These
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results indicate that hnRNP UL1 may play a role in
rDNA transcription and mediate RNA Pol I binding
to rDNA gene loci in human nucleoli, leading to
transcriptional repression in cells with hnRNP UL1
knockout. Next, a pre-tRNA processing analysis was
performed wvia Northern blotting with probes
detecting major known pre-rRNA processing
intermediates. Consistent with the ChIP-qPCR
results, we observed reduced accumulation of 475
primary transcripts and consequent decreases in the
levels of downstream processing intermediates (30S,
265, 215, 185-E rRNAs) in HEK UL1 KO cells (Fig. 4C).
For RT-qPCR analysis, cDNA was prepared from
RNA isolated from WCs as well as from NO and CN
fractions of HEK WT and HEK UL1 KO cells
(Supplementary Fig. S4A-C). As shown in
Supplementary Fig. S4C, the changes were mostly
apparent in the nucleolar fraction, with the levels of
475 and 285 rRNAs significantly decreased in HEK
UL1 KO cells. A decreased level of 5.85 rRNA was
observed in the WC fraction (Supplementary Fig.
S4A), whereas the level of 185 rRNA was not
reproducible.

0 4901 0,002311 0,03575
0 3,867 003222 0,1811
0 3,747 0,03821 0,2086
1 2,080 002227 0,1409
2 2123  0,001898 0,03072

RRP1B
| |

‘BRIX1 »°

RBN2g u® ..ate_ _p.value 0.05

LogFC

Figure 1. ldentification of proteins that interact with hnRNP UL1. (A) Protein extract from HEK293T cells overexpressing FLAG-hnRNP ULI was used for immunoprecipitation
followed by mass spectrometry analysis. IP (Ave spectral) and control (Ave spectral) are the average numbers of spectra detected for a given protein for IP and control, respectively. (B)
Volcano plot showing proteins from WC extracts; the 5 proteins described in (A) are highlighted.
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Figure 2. Generation of cells with hnRNP ULI1 knockout. (A) The CRISPR-Cas9 system was used to prepare HEK UL1 KO cells. Two targets located on exons 2 and 3 were selected
(gray boxes). The 20-bp target sequences (black line) are preceded at the 3' end by 5-NGG protospacer-adjacent motifs (PAMs) (gray line), where N stands for any nucleotide. The two
designed oligonucleotide guides (forward and reverse) contain overhangs (highlighted in gray) needed for ligation into pSpCas9-2A-EGFP or pSpCas9-2A-Puro plasmids using Bbsl restriction
sites. (B) Western blot analysis followed by immunostaining and (C) immunofluorescence using an anti-hnRNP UL antibody was performed to confirm the silencing of hnRNP ULI protein
in HEK UL KO cells in comparison to HEK WT cells (control). Actin and FUS were used as controls. DAPI was used for nuclear staining.
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Figure 3. Localization of hnRNP ULI in the nucleoli of human cells. Inmunostaining was performed in HeLa WT cells using antibodies against nucleolin and hnRNP ULI. Sites of
colocalization are indicated by white arrows. DAPI was used for nuclear staining.

Furthermore, we also checked the expression of  gene transcription but not in the subsequent steps of
exemplary ribosomal protein genes encoding ribosome biogenesis.
fibrillarin, RPS6 and RPS15 in HEK WT and HEK UL1 .
KO cells. As shown in Fig. 4D, the levels of all three han?lP. ULl play.s a role in rDNA damage
mRNAs were downregulated. However, we did not repair in nucleoli of human cells
observe any changes in their expression at the protein As reported previously, hnRNP UL1 participates
level (Supplementary Fig. S5). Next, we performed in DNA damage repair in the nuclei of human cells,
polysome profiling in HEK WT and HEK UL1 KO by interacting, among others, with p53, the MRN
cells; however, we did not observe any changes in ~ complex (via NBSI), PARP1 and DDSR1
either ribosome or polysome profﬂes after hnRNP [2,22,26,34,49,55] Our observation that hnRNP UL1 is
UL1 depletion (Supplementary Fig. S6). All these localized in the nucleolus prompted us to hypothesize
results indicate that hnRNP UL1 is involved in rDNA  that the protein also engages in rDNA damage repair
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in human nucleoli. To test this hypothesis, we first
assessed the levels of the DNA damage marker
yH2A.X in HEK UL1 KO cells. However, we did not
observe any significant changes, indicating that cells
with hnRNP UL1 depletion do not generate more
DNA damage than those with intact hnRNP UL1
(Supplementary Fig. S7). Next, we analyzed the
colocalization of both proteins in mammalian cell
nucleoli under control conditions (DMSO) and after
treatment with the genotoxic reagents ETO (10 pM)
and CPT (5 uM) for 2.5 h. Additionally, hnRNP UL1
and yH2A X colocalization was tested under the same
conditions in HeLa cells with depletion of FUS (HeLa
FUS KO cells); FUS has been recently reported to be
relocated to nucleoli in response to DNA damage [42].
FUS and hnRNP UL1 are known to interact with each

A

other [50] and to colocalize in the cell nucleoli (Fig.
5A). As shown in Fig. 5B, after ETO- and CPT-induced
DNA damage, hnRNP UL1 and yH2A.X colocalized
mainly in the nucleus; however, after treatment with
CPT, both factors strongly aggregated in the nucleolus
(as indicated by the white arrows), especially in the
periphery (as indicated by the yellow arrow). Such
localization of these proteins after DNA damage may
indicate their participation in DSB repair and
recruitment to the nucleolar caps. Interestingly, no
obvious differences were observed in HeLa FUS KO
cells compared to HeLa WT cells (Fig. 5C), indicating
that FUS depletion does not affect the localization of
hnRNP ULL1 in the nucleolus.
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Figure 4. Regulation of the expression of rDNA genes and ribosomal protein genes by hnRNP ULI. (A) Scheme showing the 47S pre-rRNA with the positions of the primers
and probes used in qPCR and northern blotting, respectively. The sites of PCR primer pairs are indicated in blue: A - on rDNA promoter, B - on 47S rDNA, C - on 45S rDNA, D - on 18S
rDNA, E - on 5.85 rDNA, F - on 285 rDNA, and G - on IGS rDNA. Yellow indicates probes for northern blotting: 5'ETS, ITS| and ITS2. (B) RNA Pol | binding at different regions of the rDNA
loci (promoter, IGS, 5.8S, 18S, 28S, 45S, and 47S) was quantified by ChIP combined with qPCR in HEK UL1 KO cells compared to HEK WT cells. 55 rRNA was used as a negative control. (C)
Total RNA extracted from HEK WT and HEK UL KO cells was separated on a denaturing gel and analyzed by northern blotting. The blots were probed with the oligonucleotides 5’ETS, ITSI
and ITS2. The detected pre-rRNA species are highlighted. (D) The mRNA levels of two ribosomal proteins (RPS6 and RPS15) and the nucleolar marker fibrillarin (FIB) were analyzed by RT—
qPCR in HEK UL1 KO cells compared to HEK WT cells. The error bars represent the SDs of three biological replicates. P values were calculated using Student's t test, and the statistical

significance is represented as follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5. Colocalization of hnRNP ULl and yH2A.X after DNA damage
induction. (A) Colocalization of hnRNP ULI and FUS in human nucleoli was tested by
immunofluorescence using anti-FUS and anti-hnRNP ULI antibodies. Exemplary sites of
colocalization are indicated by white arrows. (B, C) Immunostaining using anti-yH2A.X and
anti-hnRNP UL antibodies in HeLa WT (B) and Hela FUS KO (C) cells treated with ETO
and CPT. Cells treated with DMSO were used as controls. Exemplary sites of colocalization
are indicated by white arrows, and aggregates in the periphery are indicated by yellow
arrows. DAPI was used for nuclear staining. Scale bars: 20 ym.

Next, we tested whether depletion of UL1 results
in DNA damage sensitization. For this purpose, the
sensitivity of HEK UL1 KO cells to the DNA damage
induced by the genotoxic reagents ETO and CPT was
compared to the sensitivity of HEK WT cells. As
shown in Fig. 6A, cells with hnRNP UL1 depletion
were more sensitive to both reagents than WT cells,
reaching the minimal survival point and exhibiting
the greatest difference after 24-30 h. After that time,
the sensitivity of both kinds of cells became
comparable again. This result suggests that cells with
knockout of hnRNP UL1 exhibit increased sensitivity
to DNA damage and a potentially slowed repair

process, confirming a role for hnRNP UL1 in DNA
damage repair and genome integrity.

In another approach, we performed a comet
assay to measure ETO- and CPT-induced DNA
damage in HEK UL1 KO cells and HEK WT cells
compared to cells treated with DMSO. Two
parameters were used for calculations: the tail DNA %
and tail moment, which are suitable indicators of
induced DNA damage considering both the migration
of genetic material and the relative amount of DNA in
the tail. As shown in Fig. 6B, among cells treated with
both ETO and CPT, the comet tails were longer in
HEK UL1 KO cells than in HEK WT cells, which was
also confirmed by calculations. This observation
confirms that cells with hnRNP ULl knockdown
exhibit increased susceptibility to DNA damage.

Furthermore, to test whether hnRNP UL1 can
directly participate in DNA repair in the nucleoli, we
performed an IP experiment using an anti-hnRNP
UL1 antibody and the NO and CN fractions of HEK
WT cells, followed by western blot analysis and
immunodetection with anti-hnRNP UL1, anti-pChk1,
and anti-pRPA32 antibodies. RPA32 is a part of the
RPA complex, which recognizes single-stranded DNA
breaks and is one of the major complexes involved in
the DNA repair pathway in both the nucleus and the
nucleolus. Chkl kinase plays an important role in
DNA damage checkpoint control. As shown in Fig.
6C, both proteins interacted with hnRNP UL1 in both
the NO and CN fractions of HEK WT cells. To
estimate the exact pathways of DDR in which hnRNP
UL1 is involved, we performed IP using anti-hnRNP
UL1 and anti-FLAG antibodies in HEK WT and HEK
UL1 OE cells, respectively. For this purpose, we
created a HEK293 cell line with stable expression of
FLAG-hnRNP UL1 using a ready-to-use MultiMam™
Stable system (Supplementary Fig. S1). We tested the
interaction of hnRNP UL1 with 53BP1, RAD50, RPA32
and XRCC1. 53BP1 is involved in the signaling and
repair of DNA DSBs in human cells; RAD50 belongs
to the MRN complex; and XRCC1 participates in the
repair of DNA single-strand breaks by mediating the
formation of protein complexes that repair DNA
damage. As shown in Fig. 6D, in this experiment, only
a weak interaction of hnRNP UL1 with XRCC1 in the
NO fraction was observed. However,
immunofluorescence using anti-hnRNP UL1 and
anti-XRCC1 antibodies performed in HEK WT cells
after DNA damage induction showed no clear
colocalization of this protein with hnRNP UL1 in the
cell nucleoli (Supplementary Fig. S8A). Moreover,
little colocalization of hnRNP UL1 and 53BP1 or
RADG50 and RPA32 in the nucleolus was observed in
this experiment (Supplementary Fig. S8B-D).
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Figure 6. Involvement of hnRNP ULI1 in the DDR in human nucleoli. (A) The DNA damage sensitivity of HEK UL1 KO cells compared to HEK WT cells was tested after 2.5 h of
treatment with the genotoxic reagents ETO and CPT. After this time, the cells were harvested at the following time points: 18 h, 24 h, 30 h, 48 h, 72 h and 80 h. Cell viability was assessed by
Trypan blue staining, and the percentage of survival was calculated. The results were normalized to those for the control cells treated with DMSO. (B) DNA damage was assessed by Comet
Assay in HEK UL1 KO cells compared to HEK WT cells after DNA damage induced with ETO and CPT. Cells treated with DMSO were used as negative controls. For the assay, 50 cells per
sample were analyzed. The error bars represent the SDs of three biological replicates. The p values were calculated using Student's t test, and the statistical significance is represented as
follows: *P < 0.05; **P < 0.01; ***P < 0.001. (C) IP was performed using an anti-hnRNP UL antibody and protein extracts from the NO and CN fractions of HEK WT cells. After elution, the
immunoprecipitated proteins were identified by western blotting followed by immunostaining. Four independent biological replicates from each fraction were used for the experiment. For the
input, 5% of the total volume applied to the beads was used; for the negative controls, beads without antibody were used; for immunostaining, anti-hnRNP UL, anti-pChk1, and anti-pRPA32
antibodies were used; and actin was used as a loading control. (D) IP was performed using magnetic beads conjugated with an anti-FLAG antibody and protein extracts from the NO and CN
fractions of HEK UL OE cells. Three independent biological replicates from each fraction were used for the experiment. For the input, 5% of the total volume applied to the beads was used.
For immunostaining, anti-53BP1, anti-RADS50, anti-FLAG, and anti-XRCCI1 were used, and an anti-actin antibody was used as a control. * - nonspecific signal.
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Discussion

We report, for the first time, that hnRNP UL1 is
localized in the nucleoli of human cells (Fig. 3).
Knockout of the HNRNPULI gene results in altered
expression of rDNA genes, with 285 and 47S rRNA
levels significantly decreased in the NO fraction,
suggesting the role of hnRNP UL1 in rRNA synthesis
and/or maturation in the nucleolus (Fig. 4A,
Supplementary Fig. S4C). Furthermore, we found that
hnRNP ULL1 influences RNA Pol I recruitment to the
rDNA promoters and 5.85, 18S, and 47S rDNA
regions, thereby indicating its function in RNA Pol I
binding to rDNA genes and transcription in the
nucleolus (Fig. 4B). In addition, we observed that
hnRNP UL1 interacts with ribosomal proteins (Fig. 1)
and may affect expression of ribosomal protein genes
(Fig. 4D), although in other experiments, we found
that hnRNP UL1 depletion did change neither
nucleolar/ribosomal protein levels (Supplementary
Fig. S5) nor polysome abundance (Fig. S6). Therefore,
we suggest that hnRNP UL1 may be involved in the
transport of ribosomal proteins or their
posttranslational modifications rather than in
ribosome biogenesis. However, to confirm this
hypothesis, more studies need to be performed.
Notably, the lack of mRNA-protein expression
correspondence is not surprising given the essential
roles of ribosomal proteins in cell growth. It has been
previously reported that transcriptional regulation
does not play a considerable role in ribosomal protein
production, which appears to be mainly regulated at
translational and posttranslational levels to adjust the
biosynthesis of the ribosomes to the specific
requirements of the cells [5]. Therefore, diminished
transcript levels can be equilibrated with increased
translation or protein stability.

In agreement with previous research reporting
the role of hnRNP UL1 in DNA damage repair in the
nucleus, we found that hnRNP ULl may also be
involved in n-DDR. We observed that cells with
hnRNP UL1 knockout exhibited increased sensitivity
to DNA damage, resulting in an increased number of
dead cells. Similar results have been obtained for cells
with silencing of Treacle and MRE11, which are key
proteins involved in n-DDR and the HR repair
pathway [30,31,44]. Moreover, we confirmed that
hnRNP ULl can interact in the nucleolus with
proteins involved in different pathways of DNA
break repair (Fig. 6C-D).

In this study, we examined the interaction in the
nucleolus of hnRNP UL1 with selected proteins that
are known to be localized in DNA damage sites and
involved in DNA repair mechanisms. The first was
vyH2AX. This phosphorylated histone protein is

essential for cell cycle arrest and DNA damage repair
after DSBs [20]. In transcribed rDNA, histone H2A . X
has reduced nucleosome occupancy, so upon ATM
activation, limited phosphorylation of H2A.X is
detected [23,31]. The second was 53BP1, which plays a
key role in the repair of DSBs by promoting NHE] and
specifically counteracting the function of the BRCA1
HR repair protein [6]. The third, RAD50, is a member
of the MRN complex, which is a major complex
involved in the HR repair pathway of DSBs in both
the nucleus and nucleolus [12]. Fourth, RPA32, also
known as RPA2, is a member of the RPA complex that
recognizes ssDNA and is one of the major complexes
involved in the DNA repair pathway in both the
nucleus and nucleolus. The RPA complex, by
recruiting ATRIP, activates ATR kinase, a master
regulator of the DDR that is required for the
recruitment of the DSB repair factors RAD51 and
RAD?S2. It also recruits proteins such as endonucleases
XPA and XPG, which are involved in DNA repair by
nucleotide excision [57]. Fifth was XRCC1, which
participates in ssDNA damage repair by mediating
the formation of DDR protein complexes. XRCCl1
negatively regulates ADP-ribose levels by modulating
ADP-ribosyltransferase PARP1 activity [25]. Sixth was
Chkl, a serine/threonine-protein kinase that is
required for cell cycle arrest and activation of DNA
repair after DSBs. Chkl is activated as part of the
n-DDR [44]. According to our observations, hnRNP
UL1 interacts in the nucleolar fraction with yH2A.X,
RPA32, XRCC1, and Chkl (Fig. 5B-C, Fig. 6C-D),
suggesting that it may be localized in the sites of
rDNA damage and participate in the repair pathways
in the nucleolus. This is the first report that hnRNP
UL1 might be involved in ssDNA break repair in the
nucleolus via interaction with RPA32 and XRCC1.
Interestingly, after DNA damage induction with
the reagent CPT, we observed in both HeLa WT and
HeLa FUS KO cells a co-localization of hnRNP UL1
with yH2A.X in the nucleoli, particularly at the
periphery of the nucleoli. This may suggest that
hnRNP UL1 is recruited to nucleolar caps after DSBs
and that it mediates the HR repair pathway. hnRNP
UL1 can also cooperate with Chkl in rDNA repair
after DSBs. It has already been shown that hnRNP
UL1 and hnRNP UL2 together stimulate DNA end
resection and promote ATR-dependent signaling and
DSB repair by HR, affecting cell viability. In the
nucleus, hnRNP UL1 binds to NBS1, which is a part of
the MRN complex, to play a role in the cellular
response to DSBs in the nucleus. In this work, we tried
to detect the interaction of hnRNP UL1 with another
subunit of the MRN complex, RAD50, in human
nucleoli. However, we did not observe specific
interactions between hnRNP UL1 and RADS50 in
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either the NO or CN fractions. The hnRNP UL1
protein also functions downstream of MRN and CtIP
to promote BLM helicase recruitment to DNA damage
sites. Recruitment of hnRNP ULl to DSBs is
dependent on the MRN complex and PARP1
[2,3,22,26,49,55].

In light of recent findings, the FUS protein is
required for the recruitment of DDR factors to DNA
damage sites; moreover, FUS-dependent liquid-
liquid phase separation (LLPS) is essential for DDR
activation and proper formation of DSB repair
complexes in the nucleus [35]. Furthermore, FUS has
been shown to change localization after induction of
DNA breaks by topoisomerase type I (TOP1), and it
localizes in the nucleolus in response to RNA
polymerase II inhibition [42]. In our experiments,
silencing of FUS had no significant effect on hnRNP
UL1 localization in the nucleolus (Fig. 5C).

In summary, our research provides insights into
the putative role of hnRNP UL1 in the nucleoli of
human cells, suggesting two possibilities: hnRNP UL1
functions as an activator of rDNA gene transcription
and ii) hnRNP UL1 is one of the factors involved in
n-DDR for both single-strand DNA breaks and DSBs,
including the HR DSB repair pathway. Such an
observation broadens our knowledge about the
response to rDNA damage in the nucleolus, where the
availability of DNA repair factors is limited.
However, the details of the existing mechanisms
remain to be elucidated.
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Rad3-related protein; IncRNA: long noncoding RNA;
DDSR1: DNA damage-sensitive RNA1; BRCAI:
breast cancer type 1 susceptibility protein; yH2A.X:
phosphorylated histone H2AX; RPA32: replication
protein A 32 kDa subunit; XRCC1: X-ray repair

cross-complementing protein 1, Chkl: cell cycle
checkpoint kinase; DMEM: Dulbecco’s modified
Eagle medium; ETO: etoposide; CPT: camptothecin;
HEK UL1 KO: HEK293T cell line with knockout of the
HNRNPUL1 gene; HEK UL1 OE: HEK293 cells
expressing FLAG-hnRNP UL1; NO: nucleolar; CN:
cytoplasmic-nuclear; WCs: whole cells; SDS-PAGE:
SDS-polyacrylamide gel electrophoresis; PVDE:
polyvinylidene  difluoride; =~ ECL: enhanced
chemiluminescence; IP: immunoprecipitation; ChIP:
chromatin IP; HEK WT: wild-type HEK293; PBS-T:
PBS with 0.02% Tween 20; TCA: trichloroacetic acid;
qPCR: quantitative PCR; DEGs: differentially
expressed genes; Padj: P-adjusted; GEO: Gene
Expression Omnibus; PFA: paraformaldehyde; OTM:
Olive Tail Moment; RRP1B: rRNA processing protein
1 homolog B; BXDC2/BRX1: ribosome biogenesis
protein BRX1 homolog; RBM28: RNA-binding protein
28, NUFIP2: nuclear fragile X  mental
retardation-interacting protein 2; RPS3A: 40S
ribosomal protein S3a; RNA-seq: high-throughput
sequencing of RNA; HeLa FUS KO: HeLa cells with
depletion of FUS.
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