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NKAP acts with HDAC3 to prevent R-loop associated genome

instability
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Persistent R-loop accumulation can cause DNA damage and lead to genome instability, which contributes to various human
diseases. Identification of molecules and signaling pathways in controlling R-loop homeostasis provide important clues about their
physiological and pathological roles in cells. Here, we show that NKAP (NF-kB activating protein) is essential for preventing R-loop
accumulation and maintaining genome integrity through forming a protein complex with HDAC3. NKAP depletion causes DNA
damage and genome instability. Aberrant accumulation of R-loops is present in NKAP-deficient cells and leads to DNA damage and
DNA replication fork progression defects. Moreover, NKAP depletion induced R-loops and DNA damage are dependent on
transcription. Consistently, the NKAP interacting protein HDAC3 exhibits a similar role in suppressing R-loop associated DNA
damage and replication stress. Further analysis uncovers that HDAC3 functions to stabilize NKAP protein, independent of its
deacetylase activity. In addition, NKAP prevents R-loop formation by maintaining RNA polymerase Il pausing. Importantly, R-loops
induced by NKAP or HDAC3 depletion are processed into DNA double-strand breaks by XPF and XPG endonucleases. These findings
indicate that both NKAP and HDAC3 are novel key regulators of R-loop homeostasis, and their dysregulation might drive

tumorigenesis by causing R-loop associated genome instability.

Cell Death & Differentiation (2023) 30:1811-1828; https://doi.org/10.1038/541418-023-01182-5

INTRODUCTION

R-loops are three-stranded nucleic acid structures that consist of
an RNA:DNA hybrid and a displaced single-stranded DNA (ssDNA),
forming by the reannealing of the nascent RNA to the template
DNA strand during transcription [1]. R-loops have been identified
in many organisms, from bacteria to mammals, where they play
regulatory roles in a variety of biological processes, including DNA
replication, gene expression, immunoglobulin class switch recom-
bination, DNA methylation and histone modifications, and DNA
repair [1-9]. Although these natural occurring R-loops have
beneficial roles in physiological contexts, abnormal R-loop
accumulation can cause DNA damage and genomic instability,
presumably by blocking the progression of replication forks and
promoting double-strand breaks (DSBs) [8, 10, 11]. Increased
R-loops are often found in many human diseases, such as cancer
and neurological disorder [3, 12-14]. Thus, the levels and
distribution of R-loops in cells need to be tightly regulated.
Previous studies have identified multiple pathways and factors in
controlling the formation and resolution of R-loops [3, 5, 8]. For
instance, a number of proteins, including topoisomerases, splicing
factors and chromatin regulators, function to prevent R-loop
formation during transcription [15-26]. Several other proteins are
reported to resolve R-loop structures. These proteins include RNA

nucleases RNaseH1 and DNA/RNA helicases, which resolve R-loops
by degrading or unwinding RNA:DNA hybrid [27-39]. In addition,
DNA repair factors, such as BRCA1, BRCA2 and members of the
Fanconi Anemia pathway, are also important for suppressing
R-loop formation [40-42]. Despite much progress made, identifi-
cation of novel players in controlling R-loop homeostasis will
advance our understanding on the underlying molecular mechan-
isms as well as how this might relate to disease.

NKAP (NF kB-activating protein) is a highly conserved
nucleoplasmic protein across different species [43]. Initially
identified to be a mediator for NF kB activation, NKAP has been
subsequently shown as a transcriptional repressor via its interac-
tion with the Notch corepressor complex and HDAC3 [44, 45].
Analysis of conditional knockout mice has demonstrated that both
NKAP and HDAC3 are involved in T cell development and
maturation as well as the maintenance and survival of adult
hematopoietic stem cells [46-48]. Mutations in NKAP have been
linked to a neurodevelopmental disorder with musculoskeletal
features in human patients [49]. Moreover, NKAP regulates RNA
splicing and processing through direct interaction with RNA and
RNA binding proteins [43]. Recent structure studies have shown
that NKAP is a part of post-catalytic P-complex, which is
responsible for exon ligation and mRNA release [50]. Notably,
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NKAP has also been reported to be critical for chromosome
alignment during mitosis, indicating its potential role as a tumor
suppressor [51]. A study in pancreatic cells reveals that NKAP acts
as a m6A reader at the pri-miR-25 splicing site [52]. Thus, NKAP
appears to be a multifunctional protein that acts through different
molecular mechanisms.

Here, we provide the first evidence that NKAP regulates R-loop
accumulation and this novel function of NKAP is essential in
preventing DNA damage, genome instability and replication
stress. Moreover, we show that aberrant R-loop accumulation
associated with NKAP knockdown is transcription dependent. We
also find that the NKAP interacting protein HDAC3 is required to
prevent R-loop accumulation and promote the progression of
replication forks. Detailed analysis indicates that NKAP is stabilized
by HDAC3 in a deacetylase activity independent manner. This
stabilization is partially mediated by the lysosome/autophagy
pathway. We show that NKAP prevents R-loop formation by
maintaining the duration of RNA polymerase Il (Pol Il) pausing. We
further demonstrate that R-loops induced by NKAP or HDAC3
depletion are processed by XPF and XPG leading to DNA damage.
Collectively, our work uncovers a previously unappreciated
function of NKAP and HDAC3 in the suppression of R-loop
formation and maintenance of genome integrity.

MATERIAL AND METHODS
Cell culture and drug treatment
Hela, U20S and HB-8730 hybridoma cell lines were purchased from the
American Type Culture Collection (ATCC). hTERT-RPE-1 cell line was a gift
from Dr. Chan Kuan Yoow and originally from ATCC. HEK293T cell line was
a gift from Dr. Liang Hongqing and originally from ATCC. U20S, Hela,
HEK293T and HB-8730 cells were cultured in high glucose DMEM medium
(Thermo Scientific), supplemented with 10% fetal bovine serum (Thermo
Scientific) and 1% penicillin/streptomycin (Thermo Scientific, 100 U/ml
penicillin, 100 ug/ml streptomycin). hTERT-RPE-1 cells were cultured in
DMEM/F12 medium (Thermo Scientific), supplemented with 10% fetal
bovine serum (Thermo Scientific) and 1% penicillin/streptomycin (Thermo
Scientific, 100 U/ml penicillin, 100 pg/ml streptomycin). Cells were main-
tained at 37 °C in a humidified incubator containing 5% CO, and routinely
tested for Mycoplasma contamination according to the manufacturer’s
instructions.

5,6-Dichlorobenzimidazole 1-b-D-ribofuranoside (DRB, Sigma-Aldrich)
was added for 2h at a final concentration of 100 uM. HDAC inhibitors
were added for 24 h and final concentrations were: Trichostatin A (TSA,
1 UM, MCE), Valproic acid (VPA, 0.5 mM, MCE), or RGFP966 (10 uM, MCE).
MG132 (MCE)was added for 6h at a final concentration of 5 puM.
Chloroquine (CQ, MCE) was added for 24 h at a final concentration of
20 uM. 3-Methyladenine (3-MA, MCE) was added for 24h at a final
concentration of 5 mM.

RNH1 or NKAP overexpression was induced by treatment of the cell
culture with 1 pg/ml of doxycycline (DOX, MCE) for 24 h.

Plasmids

To create pCW57.1-RNH1-Flag-mRFP, open reading frame of RNASEH1
(accession number NM_001286834.3) was amplified from human cDNA,
fused to SV40 NLS and Flag-mRFP tag, and then cloned into the pCW57.1
vector with Nhe | and Bam | restriction sites. Open reading frame of HDAC3
(accession number NM_001355039.2) was amplified from human cDNA,
fused to Flag tag, and then cloned into the pcDNA3.1 vector with Nhe |
and EcoR | restriction sites to generate pcDNA3.1-Flag-HDAC3. siRNA-
resistant HDAC3 construct was then produced by introducing silent
mutations in the targeting region for HDAC3 siRNA by site-directed
mutagenesis (Q5 Site-Directed Mutagenesis Kit, NEB). K25A (Lysine to
Alanine) and Y298F (Tyrosine to Phenylalanine) mutations
in HDAC3 sequence were introduced by site-directed mutagenesis
(Q5 Site-Directed Mutagenesis Kit, NEB). Open reading frame of NKAP
(XM_017029842.1) was amplified from human cDNA, fused to Myc tag, and
then cloned into the pCMV-GFP vector with Nhe | and Xho | restriction sites
to generate pCMV-Myc-NKAP-GFP. The truncated construct of NKAP
(pCMV-Myc-NKAP-C) was generated by cloning C-terminal fragment of
NKAP with the Myc tag into the pCMV-GFP vector, and then GFP sequence
was deleted by inverse PCR. A fragment of Myc-NKAP-GFP was amplified
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from pCMV-Myc-NKAP-GFP and cloned into the pCW57.1 vector with Nhe |
and Sal | restriction sites to generate pCW57.1-Myc-NKAP-GFP. siRNA-
resistant NKAP construct (pCW57.1-Myc-NKAPRES-GFP) was then produced
by introducing silent mutations in the targeting region for NKAP siRNA by
site-directed mutagenesis (Q5 Site-Directed Mutagenesis Kit, NEB).
RS-domain deleted NKAP construct (pCW57.1-Myc-NKAPR®ST4RS_GFP) was
generated from pCW57.1-Myc-NKAPR®-GFP using an inverse PCR techni-
que. The primers used for amplification are listed in Table S1.

siRNA and plasmid transfection

Transfections of siRNAs were performed using Lipofectamine RNAIMAX
reagent (Thermo Fisher Scientific) according to the manufacturer's
instructions. siRNAs were synthesized by Genepharma company (Shang-
hai) and used at a final concentration of 50 nM. The sequences of siRNA
oligonucleotides are listed in Key Resources Table. For transient ectopic
gene expression, transfection of various plasmids were done using
EndoFectin (GeneCopoeia) or Lipofectamine 3000 (Thermo Fisher Scien-
tific) following the manufacturer’s instructions.

Lentivirus production

Lentiviral particles were generated by transfecting HEK293T cells with the
lentiviral plasmid (pCW57.1-RNH1-Flag-mRFP, pCW57.1- Myc-NKAPR®-GFP
or pCW57.1- Myc-NKAPARS-GFP), psAX2 and pMD2.G at a ratio of 3:2:1.
Transfection was performed using EndoFectin Max (GeneCopoeia) accord-
ing to the manufacturer’s protocol. The medium was replaced with normal
medium 6 h after transfection. Virus-containing supernatant was collected
and filtered (0.45um) 48h and 72h after transfection. Cells were
transduced by exposure to the viral supernatant in the presence of
polybrene (8 pg/ml) for 24 h and selected using puromycin (2 ug/ml) for
72 h. Finally, three stable cell lines (U20S-TetOn-RNaseH1, U20S-TetOn-
NKAP and U20S-TetOn- NKAP*®%) were obtained.

Western blot and Co-immunoprecipitation (Co-IP)

For Western blot, cells were harvested and lysed with RIPA buffer (150 mM
NaCl, 0.5% Triton X-100, 50 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.1% SDS,
Protease and Phosphatase Inhibitor Cocktail (Sigma-Aldrich)) on ice for
30 min. Samples were run on SDS-PAGE protein gels and transferred to
PVDF membranes (Millipore) via wet transfer. Membranes were then
blocked with 5% non-fat milk in TBST (0.1% Tween) for a minimum of 1 h
before incubating with the appropriate primary antibodies overnight at
4°C. After washing three times (10 min each) in TBST, membranes were
then incubated with secondary horseradish peroxidase (HRP)-conjugated
antibodies with 5% non-fat milk in TBST for 1h. Protein bands were
detected using Immobilon Western HRP mix Reagent (Millipore). Primary
antibodies used were: rabbit anti-NKAP (Abcam, ab121121,1:1000), rabbit
anti-RPA32 (Proteintech, 10412-1-AP, 1:1000), rabbit anti-RPA32 S33 (Bethyl
Laboratories, A300-246A, 1:1000), mouse anti-yH2AX (Abcam, ab26350,
1:1000), rabbit anti-H2AX (Cell Signaling Technology, 2595 S, 1:1000), rabbit
anti-Histone H3K9ac (Active Motif, 39917, 1:1000), mouse anti-Histone
H3(Active Motif, 61976, 1:4000),rabbit anti-53BP1 (Novus Bio, NB100-304,
1:1000), rabbit anti-LC3 (Proteintech, 14600-1-AP, 1:1000), rabbit anti-
HDAC3 (Abcam, ab32369, 1:1000), rabbit anti-XPF (Cell Signaling Technol-
ogy, 13465, 1:1000), rabbit anti-XPG (Proteintech, 11331-1-AP, 1:1000),
rabbit anti-DHX9 (Proteintech, 17721-1-AP, 1:4000), mouse anti-RNA
polymerase Il (Active Motif, 91151,1:2000), mouse anti-RNA polymerase Il
phospho S5 (Abcam, ab5131,1:2000), mouse anti-RNA polymerase |l
phospho S2 (Active Motif, 91116,1:2000), rabbit anti-GAPDH (Proteintech,
10494-1-AP, 1:8000), mouse anti-aTubulin (Sigma-Aldrich, T9026, 1:8000),
mouse anti-Myc (Abcam, ab18185, 1:8000) and mouse anti-Flag (Sigma-
Aldrich, F1804, 1:8000).

For co-immunoprecipitations, cells were washed with cold 1xPBS and
lysed in ice-cold lysis buffer with NP40 (150 mM NaCl, 50 mM Tris-HCI pH
7.5, TmM EDTA and 1% Nonidet P40, Protease Inhibitor Cocktail) for
30 min at 4 °C under rotation. Lysates were centrifuged at 12,000 g for
15 min at 4 °C. While 50 pl of clear supernatant was saved as input, the
rest was incubated with added antibodies (mouse anti-Myc (Abcam,
ab18185), mouse anti-Flag (Sigma-Aldrich, F1804), mouse anti-HDAC3
(Cell Signaling Technology, 3949), mouse anti-S9.6 antibody or IgG
(30000-0-AP, Proteintech)) overnight or 3h at 4°C under rotation.
Samples were then incubated with Protein A/G beads (Sigma-Aldrich) or
Protein A/G Magnetic beads (MCE) for 2 h at 4°C under rotation. After
centrifuging at 1100 g for 5 min at 4°C, the beads were collected and
washed three times in PBS. Proteins were eluted from beads by adding
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loading buffer and heating at 95°C for 5min. All Samples were then
analyzed by Western blot.

Immunofluorescence analysis

For yH2AX, 53BP1 and p-RPA2 staining, cells were fixed with 4%
paraformaldehyde (PFA) for 15min at room temperature and then
permeabilized with 0.5% Triton X-100 buffer for 15 min on ice. Next,
samples were blocked with 5% BSA in PBS for 30 min at room temperature
before incubating with specific primary antibodies overnight at 4 °C. After
washing three times with PBS (10 min each), samples were incubated with
appropriate secondary antibodies for 2 h at room temperature. Nuclei were
counterstained with 0.5 pg/ml 4’,6-diamidino-2-phenylindole (DAPI). For
S9.6 staining, cells were fixed with ice-cold methanol for 15 min and
stained as described above. Primary antibodies used were: mouse anti-y-
H2AX (Abcam, ab26350, 1:400), rabbit anti-53BP1 (Novus Bio NB100-304,
1:400), rabbit p-RPA2 S33 (A300-246A, Bethyl Laboratories, 1:400), rabbit
anti-Flag (Proteintech, 20543-1-AP, 1:1000), rabbit anti-Myc (Proteintech,
16286-1-AP, 1:1000), rabbit anti-Nucleolin (ABclonal, A20910, 1:400), mouse
anti-59.6 (Kerafast, ENHO01, 1:200) or mouse anti-59.6 antibody (1:200)
purified from the HB-8730 hydridoma cell line. Secondary antibodies used
were: Goat anti-Rabbit Alexa Fluor 488 (Thermo Fisher Scientific, A-11008,
1:1000), Goat anti-Mouse Alexa Cy3 (Thermo Fisher Scientific,c M30010,
1:1000), Goat anti-Mouse Alexa Fluor 488 (Thermo Fisher Scientific, A-
11001, 1:1000), Goat anti- Rabbit Cy3 (Thermo Fisher Scientific, A10520,
1:1000) and Goat anti-Rabbit Cy5 (Thermo Fisher Scientific, A-10523,
1:1000). Samples were mounted in Vectashield and visualized with the
Olympus FV1000 confocal microscope. In each independent experiment, at
least 200 cells were measured per condition.

EdU and EU staining

For EdU or EU incorporation experiments, cells were pulse-labeled with
10 uM EdU or EU for 60 min at 37 °C before being fixed and blocked as
described above. The click reaction was carried out using the Click-iT EdU
Alexa Fluor 555 kit (Thermo Fisher Scientific, C10338) or Click-iT™ RNA
Alexa Fluor™ 488 Imaging Kit (Thermo Fisher Scientific, C10329) according
to the manufacturer’s protocol. Briefly, the reaction mixture was added to
cells for 30 min at room temperature, followed by three washes in PBS
(10 min each). Nuclei were counterstained with DAPI. Samples were
mounted in Vectashield and visualized with the Olympus FV1000 confocal
microscope.

Alkaline and neutral comet assay

Comet assay was performed as previously described [53]. Briefly, cells were
collected and mixed with 0.7% low-melting point agarose at 37°C. The
mixture was placed on the precoated slides. Cells were lysed at 4 °C in lysis
buffer for 1h under dark condition. Next, the slides were rinsed with
alkaline (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% sarkosyl, 1% Triton X-
100, pH 13.0) or neutral (100mM Tris, 300mM Na Acetate, pH 9.0)
electrophoresis solution and incubated for 1h in the dark for DNA
unwinding. Electrophoresis was performed at 18V for 1h in the dark.
Slides were washed and dried with ethanol, and transferred to 37 °C for
complete dry in the dark. DNA was stained with SYBR green (Solarbio,
1:10,000) for 10 min at room temperature. Images were taken with a Nikon
ECLIPSE 80i microscope. Tail moments of the comets were quantified using
OpenComet plugin in ImageJ software.

DNA fiber analysis

DNA fiber analysis was performed as previously described [54]. Briefly, cells
were pulse-labeled with 25 mM 5-lodo-20-deoxyuridine (IdU, MCE, HY-
B0307) for 20 min, followed by 250 mM 5-Chloro-20-deoxyuridine (CldU,
Sigma-Aldrich, C6891) for 20 min. Next, cells were harvested and lysed on
glass slides in spreading buffer (200 mM Tris-HCI pH 7.4, 50 mM EDTA and
0.5% SDS). After 10 min, the slides were tilted at 45 degree and the
resulting DNA spreads were air-dried and fixed in methanol/acetic acid
(3:1) for 2 min. The DNA fibers on slides were denatured with 2.5 M HCI for
80 min, washed three times with PBS (5 min each) and blocked with 5%
BSA in PBS for 30 min. Standard immunofluorescence staining was then
performed with rat anti-BrdU/CldU (detects CldU, ab6326, Abcam, 1:500)
and mouse anti-ldU/BrdU (detects IdU, 347580, Becton Dickinson, 1:200)
antibodies. Secondary antibodies used were Goat anti-Rat Cy3 (Thermo
Fisher Scientific, PA128714, 1:1000) and Goat anti-Mouse Alexa Fluor 488
(Thermo Fisher Scientific, A-11001, 1:1000). Images were acquired on a
Leica Axio Observe microscope. IdU and CldU tract lengths were measured
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using Imagel. In each independent experiment, at least 100 fibers were
measured per condition.

Dot blot analysis

Dot blot analysis was performed as previously described [55]. Genomic
DNA was extracted with phenol/chloroform extraction and ethanol
precipitation and digested overnight at 37 °C using restriction enzyme
mix (Hindlll, EcoRl, Xhol, BamHI and Agel, NEB). Digested genomic DNA
was incubated with or without 50U/ml RNase H (NEB) for 3h at 37°C.
gDNA was diluted in 6x saline sodium citrate (SSC) buffer and spotted onto
a Nylon membrane (Millipore) using the Bio-Dot® microfiltration apparatus
(Bio-Rad). After UV-crosslinking (0.12 J/m?) exposure for 10 min, the
membrane was blocked with 5% non-fat milk in TBST for 1 h at room
temperature before incubating with the mouse S9.6 antibody (Kerafast,
ENH001, 1:1000) or mouse anti-dsDNA antibody (Abcam, ab27156, 1:4000)
in 1% BSA in TBST overnight at 4 °C. After washing three times (10 min
each) in TBST, the membrane was then incubated with secondary
horseradish peroxidase (HRP)-conjugated antibodies in 5% milk for 1 h at
room temperature. Signals were developed using Immobilon Western HRP
mix reagent (Millipore).

Metaphase spreads

Metaphase spreads were performed according to the optimized protocol
[56, 57]. Briefly, cells were treated with 100 pL Colchicine (10 ug/ml) for 3 h,
and then trypsinized and collected by centrifuging at 1000 rpm for 5 min.
The supernatant was discarded and the cell pellet was resuspended in PBS.
After adding ice-cold KCI solution (0.075 M), samples were incubated at
37 °C for 30 min before centrifuging at 1000 rpm for 5 min. The pellet was
then resuspended in ice-cold methanol: glacial acetic acid (3:1) for fixation.
After removing fixation reagents, 10 pl of the cell suspension was dropped
onto an acetic-acid-humidified slide for the spreading of metaphase
chromosomes. The spreads were air-dried and stained with Giemsa
solution (Solarbio) for 20 min before mounting with neutral resins
(Solarbio). Images were acquired on a Nikon ECLIPSE 80i microscope.

Cell cycle analysis by flow cytometry

For cell cycle assay, cells transfected with siRNAs for 48 h were harvested,
washed with PBS, and fixed with cold 70% ethyl alcohol in the dark for 2 h.
After being washed twice with cold PBS, cells were treated with 200 mg/mL
RNase A for 30min at 37°C. Next, cells were stained with 100 mg/mL
propidium iodide for 30 min at room temperature. The samples were
immediately analyzed by flow cytometry (ACEA NovoCyte Flow Cytometer).
Cell cycle phase distribution was determined using FlowJo.

Quantitative real-time PCR

Total RNA was extracted from cells using TRIZOL reagent (Thermo Fisher
Scientific) followed by DNase | treatment (Thermo Fisher Scientific). cDNA
was synthesized using SuperScript Reverse Transcriptase Ill with random
hexamers (Thermo Fisher Scientific). Real time quantitative PCR (QPCR) was
performed on an ABI Prism 7900 system (Applied Biosystems) with SYBR
gPCR Mix (Vazyme). All primers used for qPCR are listed in Table S1.
Quantification for target gene expression was performed using the 2 24Ct
method and GAPDH was used as normalization control.

DNA:RNA immunoprecipitation (DRIP) and qPCR analysis
DRIP analysis was performed as previously described [58]. Briefly, genomic
DNA was isolated with phenol/chloroform extraction and ethanol
precipitation. Extracted genomic DNA was digested overnight at 37°C
using restriction enzyme mix (Hindlll, EcoRl, Xhol, BamHI and Agel, NEB),
followed by treatment or not with RNase H. For each DRIP, 8 ug of digested
DNAs were subject to immunoprecipitation with 5pug of S9.6 antibody
using DRIP binding buffer (10 mM NaPO4 pH 7.0, 140 mM NadCl, and 0.05%
Triton X-100) overnight at 4 °C. Following that, Protein A/G beads (Sigma-
Aldrich) were added to the samples for an additional 2 h incubation at 4 °C.
The beads were then collected by centrifugation. DNAs were subsequently
eluted from the beads with elution buffer (50 mM Tris pH 8.0, 10 mM EDTA,
0.5% SDS) and treated with Proteinase K (Sigma-Aldrich) for 45 min at
55°C. DNAs were then purified with phenol/chloroform extraction and
ethanol precipitation and resuspended in TE buffer (10 mM Tris-HCl pH 8.0
and 10 mM EDTA). Quantitative PCR was performed at the indicated gene
region using the primers listed in Table S1. The relative R-loop level in each
gene loci was determined as percentage of input.
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Chromatin immunoprecipitation sequencing (ChIP-seq)

U20S cells were transfected with siRNAs for 48h and fixed with 1%
formaldehyde at room temperature for 10 min. After quenching with
125mM glycine, cells were washed two times with ice-cold PBS and
scraped in 1 ml PBS by centrifuging at 2000 x g for 5 min. Cell pellets were
resuspended in 500 L lysis buffer (50 mM HEPES-KOH, pH 7.5, 140 mM
NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100) and spun
at 2000 x g for 10 min at 4 °C. The supernatant was discarded. cOmplete
Protease Inhibitor Cocktail (Roche) and phosphatase inhibitors (Roche)
were added to all buffers. The pellet was washed two times in lysis buffer
and prepared for sonication using a Bioruptor (30's on, 30 off, 10 rounds
of 10 min) at 4°C. Five percent of the solution was reserved as input.
Protein A/G Magnetic Beads (MCE) was prepared according to manufac-
turer's specifications and either anti-RNA polymerase Il (Active Motif,
91151) was conjugated to the magnetic beads. Equal amounts (5-10 pg) of
sheared chromatin were subjected to chromatin immunoprecipitations for
4 h at 4°C on a rotating wheel. Chromatin-bound beads were washed once
with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI pH 8.0, 150 mM NaCl), once with high-salt wash buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.0, 300 mM NacCl), once
with lithium chloride wash buffer (0.25M LiCl, 1% NP-40, 1% Sodium
Deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.0) and twice in TE buffer.
Cross-linked chromatin immunoprecipitates were eluted in elution buffer
(50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS) containing 40 pg/ml RNase
A at 37 °C for 30 min, followed by incubation at 65 °C overnight to reverse
crosslinks. After reversal of the crosslink, DNA was purified by MinElute PCR
Purification Kit (Qiagen). The pulled down material and input DNA were
size-selected, and ligated to lllumina barcoded adaptors, using NEBNext®
Ultra™ Il DNA Library Prep Kit (NEB, USA, Catalog #: E7645L) on lllumina
HiSeq 6000 platform. ChIP-seq data were aligned to Human genome
reference (hg38 assembly) with Bowtie. Mapping quality was assessed with
SAMtools and Python scripts. Peak-calling for ChIP-seq data was done
using MACS2 with a g value of 0.01. DeepTools or ChIPseeker was used to
compute and draw profiles on positions of interest (peaks, TSS, TES).
Further analyses were done in R (http://www.R-project.org), with
Bioconductor packages for graphic representation. The ChlIP-seq datasets
are available in the Gene Expression Omnibus (GEO) repository, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229412.

Statistical analysis

Prism v6 (GraphPad Software) was used to perform Mann-Whitney U-test
or student’s t test for statistical differences between groups, where noted.
Error bars represent standard error of the mean (SEM). In general, a
P value < 0.05 was considered as statistically significant (****P < 0.0001;
***¥P < 0.001; **P<0.01; *P < 0.05).

RESULTS

NKAP deficiency causes DNA damage and genome instability
SUMOylated NKAP in mitosis was shown to be required for correct
alignment of metaphase chromosomes [51]. Consistent with this,
it was demonstrated that depletion of NKAP resulted in
chromosomal instability and possibly contributed to tumorigen-
esis [51]. However, it remains unknown whether loss of NKAP
triggers other events leading to genomic instability and tumor-
igenesis, independently of mitosis. In order to further illustrate the
biological function of NKAP in human cells, we first asked whether
it has a role in preventing DNA damage. For this purpose, we
transiently reduced NKAP levels in U20S cells by transfection with
siRNAs and performed immunofluorescent staining to determine
the levels of DNA damage, as detected by the formation of yH2AX
and 53BP1 foci, two markers of DNA damage. Two NKAP siRNAs
targeting different regions of the NKAP transcript were utilized,
and the knockdown efficiency of these two siRNAs was confirmed
by qRT-PCR and Western blot (Supplementary Fig. S1). Compared
to the controls, depletion of NKAP by siRNA resulted in a
significant increase in yH2AX and 53BP1 foci, indicating that NKAP
depletion leads to increased DNA damage (Fig. 1A-C). Increased
H2AX phosphorylation and 53BP1 expression were also detected
by Western blot of the total lysates of NKAP knockdown cells
(Fig. 1D). Importantly, the increased levels of yH2AX and

SPRINGER NATURE

53BP1 seen with NKAP siRNA was rescued by expressing a
siRNA-resistant NKAP, indicating reduced NKAP is responsible for
the DNA damage phenotype (Supplementary Fig. S2). On the
contrary, expression of a RS-domain mutated form of NKAP did
not rescue the RNAI effect (Supplementary Fig. S3). Further, NKAP
knockdown induced DNA damage was not specific to U20S cells,
as it was also observed in both Hela cells and non-transformed
hTert-RPE-1 cells (Supplementary Fig. S4). Consistently, NKAP
depletion cells showed an accumulation of DNA breaks, as
determined by the increased comet tail moment observed in
both neutral and alkaline comet assays (Fig. 1E-G). Concomitant
with intense DNA damage, NKAP depletion caused a significantly
increase of chromosome breaks as compared with the control
(Fig. TH and I). Furthermore, anaphase bridges and micronuclei
were increased in NKAP knockdown cells (Fig. 1J-M). We observed
that a higher percentage of micronuclei associated with yH2AX
signals upon NKAP knockdown (Supplementary Fig. S5). Alto-
gether, these results suggest that loss of NAKP leads to
accumulation of DNA damage and genome instability.

R-loops drives DNA damage in NKAP depleted cells
NKAP has been shown to be a part of the post-catalytic
spliceosome (P-complex) that is crucial for pre-mRNA splicing
[50]. Defects in RNA splicing factors, such as SLU7, lead to
increased genomic instability attributed to the accumulation of
R-loops [59]. Therefore, we hypothesized that the DNA damage
and genome instability we observed in NKAP depleted cells was a
result of increased R-loop formation. To test this, we performed
immunofluorescent staining of RNA:DNA hybrids using the S9.6
monoclonal antibody, which recognizes RNA:DNA hybrids [60]. As
compared to the control, NKAP knockdown in U20S cells led to
higher levels of RNA:DNA hybrids, indicating abnormal R-loop
accumulation (Fig. 2A-C). Increased S9.6 staining was also
observed in HelLa and hTERT-RPE-1 cells treated with siRNA
targeting NKAP (Supplementary Fig. S6). Importantly, the $9.6 sig-
nals were significantly reduced upon the overexpression of
RNaseH1 under the control of a doxycycline-inducible promoter,
which degrades RNA:DNA hybrids (Supplementary Fig. S7A-C). We
noticed that the cytoplasmic S9.6 signals were increased upon
NKAP depletion, and this was alleviated under RNaseH1 over-
expression (Supplementary Fig. S7D). Moreover, R-loop accumula-
tion was observed in NKAP knockdown cells using a Dot blot assay
(Fig. 2D). Given recent concerns about the specificity of imaging
with S9.6, we also performed DNA:RNA immunoprecipitation
experiments followed by quantitative PCR (DRIP-gPCR) at a set of
R-loop prone loci [61, 62]. These includes APOE, LOC440704,
PRP5L, and FMR1 genes. We found that depletion of NKAP by
siRNA resulted in a significant increase in signals at these loci
(Fig. 2E). In vitro RNaseH treatment abolished these changes in
DRIP-gPCR signal observed upon NKAP knockdown, further
confirming the signals were induced by RNA:DNA hybrids (Fig. 2E).
To further assess R-loop accumulation as a potential mechanism
for driving DNA damage, we overexpressed RNaseH1 to resolve
R-loops in NKAP knockdown cells and then examined DNA damage.
RNaseH1 overexpression significantly reduced the number of yH2AX
foci in NKAP depletion cells as compared to the control (Fig. 2F and
G). Consistently, Western blot analysis of yH2AX levels in protein
extracts from NKAP depletion cells with RNaseH1 overexpression
also showed decreased levels of yH2AX (Fig. 2H). Moreover, our
neutral and alkaline comet assays showed excess DNA damage in
NKAP depletion cells was suppressed by overexpression of RNaseH1
(Supplementary Fig. S8). These data demonstrate that the increased
level of R-loops is a driver of DNA damage in NKAP deficient cells.

NKAP depletion induced R-loops impair replication fork
progression

Given that accumulation of R-loops can lead to impairment of
replication fork progression, we next examined the impact of
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and 53BP1 foci in U20S cells following transfection with control or NKAP siRNAs for 48 h. The graph shows the number of foci per cell.
*¥**¥¥p < 0.0001 (Mann-Whitney U-test, two-tailed). D Western blot analysis using indicated antibodies. Lysates were prepared from cells
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NKAP depletion on DNA replication in U20S cells. For this
purpose, we first performed a 5-ethynyl-2’-deoxyuridine (EdU)
incorporation experiment to measure overall DNA synthesis in
NKAP depleted cells. The percentage of cells incorporating EdU
was decreased in NKAP depleted cells compared to the control
cells (Fig. 3A and B), indicating a reduction in DNA synthesis. Next,
we used DNA fiber assays to determine the progression of DNA
replication forks. Cells were double pulse-labeled with the

SPRINGER NATURE

thymidine analogs (5-iodo-2’-deoxyuridine (IdU) and 5-chloro-2’-
deoxyuridine (CldU)) sequentially for 20 min each to allow the
examination of replication fork movement (Fig. 3C). Measuring the
lengths of both IdU and CldU tracks, we found that NKAP depleted
cells had a significant reduction of average track length compared
to the control cells (Fig. 3D and E), indicating that the replication
forks moved slower upon NKAP knockdown. Furthermore, we
examined the phosphorylation of RPA2 on serine 33, a marker of
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DNA replication stress, and found the number of pRPA2 S33 foci
was elevated in NKAP depleted cells (Fig. 3F and G). Consistently,
the level of pRPA2 S33 by Western Blot was higher in NKAP
depleted cells (Fig. 3H). Importantly, overexpression of RNaseH1-
suppressed all these effects (Supplementary Fig. S9), strongly
suggesting that R-loops accumulated in NKAP depleted cells
impair replication fork progression.

R-loop accumulation and DNA damage in NKAP deficient cells
are dependent on transcription

Previous studies have shown that R-loop accumulation is
dependent on transcription, we next asked whether active
transcription is involved NKAP depletion induced R-loop accumu-
lation and DNA damage. For this purpose, we treated cells with
5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB), a RNA
polymerase Il inhibitor, to block transcription and examined the
effects. Inhibition of transcription by DRB reduced R-loop
formation in NKAP depleted cells (Fig. 4A and B), indicating that
R-loop accumulation is dependent on transcription. Moreover,
DRB treatment suppressed the levels of DNA damage in NKAP
depleted cells, as determined by the level of yH2AX in both
immunofluorescence staining and Western blot experiments
(Fig. 4C-E). In addition, we also performed DNA fiber assays to
examine replication fork progression upon DRB treatment (Fig. 4F).
Consistently, DRB partially reversed the effect of NKAP depletion
on the fiber track length (Fig. 4G and H), supporting the notion
that R-loop accumulation proceeds defective replication fork
progression. Lastly, the increased number of p-RPA2 S33 loci in
NKAP depleted cells was suppressed by DRB as well (Fig. 4l),
confirming that the observed DNA stress is dependent on
transcription. Taken together, these data demonstrate that NKAP
depletion induced R-loop accumulation and DNA damage are
dependent on transcription.

The NKAP-interacting protein HDAC3 regulates R-loop
homeostasis

To further explore the function of NKAP in controlling R-loop
homeostasis, we searched for NKAP-interacting proteins from the
literatures. The histone deacetylase 3 (HDAC3) causes our
attention, as it forms a complex with NKAP and regulates
transcription [44]. Previous studies have identified the interaction
between NKAP and HDAC3 as well as their roles in transcription
regulation [44, 46]. Interestingly, HDAC3 is known to prevent DNA
damage, while the underlying mechanism was unknown [63, 64].
Thus, we suspected that NKAP functions in R-loop homeostasis
and maintenance of genome stability are involved in HDAC3. We
first confirmed the physical association between NKAP and HDAC3
in U20S cells. Co-immunoprecipitation (Co-IP) assays revealed that
NKAP interacted with HDAC3 when ectopically expressed (Fig. 5A).
In a reverse Co-IP experiment, the interaction between NKAP and
HDAC3 was also observed (Fig. 5B). An additional Co-IP experi-
ment further verified the interaction between endogenous NKAP
and HDAC3 (Fig. 5C). Moreover, treatment with RNase A did not
abolish these interactions (Fig. 5A and B). These results confirm
the interaction of NKAP and HDAC3, and further suggest that the
interaction is not dependent on RNA.

Next, we determined whether HDAC3 functions to regulate
R-loop homeostasis as NKAP. Knockdown of HDAC3 by siRNA led to
a significant increase of S9.6 signals compared to the control
(Fig. 5D-F). Importantly, this increase was suppressed by RNaseH1
overexpression (Supplementary Figs. S10A and B). A Dot blot
analysis showed that similar R-loop accumulation was observed in
HDAC3 knockdown cells (Fig. 5G). We also used DRIP-qPCR assay to
detect R-loop accumulation in APOE, LOC440704, PRP5L, and FMR1
genes, and found that higher levels of R-loops in HDAC3 depleted
cells compared to the control cells (Fig. 5H). RNaseH treatment also
suppressed these effects (Fig. 5H). Together, these data support that
HDAC3 is a novel regulator of R-loop homeostasis. As it has been
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shown that loss of HDAC3 causes DNA damage, we then want to
examine the potential association between R-loop accumulation
and DNA damage in HDAC3 depleted cells. Similar to previously
studies, elevated levels of DNA damage were observed in HDAC3
depleted cells, as characterized by the higher number of y-H2Ax loci
and increased level of y-H2Ax (Fig. 5I-K). Interestingly, over-
expression of RNaseH1 suppressed these effects, suggesting that
R-loop accumulation contributes to DNA damage in HDAC3
deficient cells (Fig. 51-K). Moreover, the average track length of
DNA fibers was reduced in HDAC3 depleted cells, which was
rescued by overexpression of RNaseH1 (Supplementary Fig. S10C
and D). Both the number of p-RPA2-S33 foci and level of p-RPA2-533
were increased upon HDAC3 knockdown and this was suppressed
by RNaseH1 overexpression (Supplementary Fig. S10E and F).
Therefore, these results demonstrate that HDAC3 displays a similar
function with NAKP in preventing R-loop accumulation and DNA
damage.

Disruption of NKAP/HDAC3 complex triggers R-loop
accumulation and DNA damage

It has been previously shown that the C-terminal DUF926 domain
of NKAP specifically binds to HDAC3 [44]. To illustrate the
importance of NKAP-HDAC3 interaction in preventing R-loop
accumulation and genome instability, we next overexpressed this
C-terminal DUF926 domain of NKAP (Myc-NKAP-C), which was
supposed to disrupt the NKAP/HDAC3 complex. To verify this, we
first performed the co-IP experiment to assess the interaction
between the Myc-NKAP-C fragment and HDAC3. Indeed, the Myc-
NKAP-C fragment interacted with HDAC3 in the extracts from Myc-
NKAP-C overexpressing cells, but not from control cells (Fig. 6A).
Consistently, native NKAP and HDAC3 interaction was not
detected in the presence of overexpressed Myc-NKAP-C (Fig. 6B).
Importantly, overexpression of Myc-NKAP-C resulted in a sig-
nificant increase of S9.6 signals as compared to the control (Fig. 6C
and D). DRIP-gPCR analysis further revealed that higher signals
were detected at those previously examined R-loop prone loci
when the C-terminal fragment of NKAP was overexpressed and
the value for two loci were statistically significant (Fig. 6E). Thus,
the disruption of HDAC3/NKAP complex leads to the accumulation
of R-loops. Furthermore, the higher number of y-H2Ax foci and
increased levels of H2AX were observed when overexpressing
C-terminal fragment of NKAP, indicating that the disruption of
HDAC3/NKAP complex also causes DNA damage (Fig. 6F-H). We
noticed that overexpression of the C-terminal fragment of NKAP
led to a reduction of NKAP protein level (Fig. 6H). This NKAP
downregulation was not due to reduction of NKAP mRNA
transcription, as determined by the RT-gPCR analysis (Fig. 6l).
Together, these findings support the notion that the intact
HDAC3/NKAP complex is crucial for preventing R-loop accumula-
tion and DNA damage.

NKAP stability is regulated by HDAC3
Given that HDAC3 and NKAP exist in a stable protein complex to
regulate R-loop homeostasis and DNA damage, we next wanted to
assess whether their respective protein stabilities might be
affected by each other. Western blot analysis revealed that NKAP
protein levels were dramatically decreased in cells depleted of
HDAC3, while HDAC3 protein levels were not obviously altered
when NKAP was depleted (Fig. 7A). This is consistent with our
previous results in cells overexpressing C-terminal fragment of
NKAP (Fig. 6H). We further performed RT-gPCR analysis to measure
mMRNA levels, and found that the mRNA level of NKAP was not
reduced in HDAC3 depleted cells (Fig. 7B). In addition, NKAP
depletion did not affect HDAC3 mRNA levels (Fig. 7C). Thus, these
data suggest that HDAC3 facilitates NKAP protein stability by
forming a protein complex.

As HDAC3 functions majorly as lysine deacetylases to target
histones as well as nonhistone proteins, it is conceivable that the
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stabilization of NKAP by HDAC3 is mediated by lysine deacetyla-
tion. To test this idea, we first asked whether the enzyme activity
of HDAC3 is responsible for the protein stability of NKAP.
Treatment of wild type U20S cells with the pan-HDAC inhibitor
trichostatin A (TSA) or a selective class | HDAC inhibitor Valproic
acid (VPA) did not lead to reduction of NKAP protein levels

SPRINGER NATURE

(Fig. 7D). Using a highly selective HDAC3 inhibitor RGFP966 also
did not cause changes in NKAP protein levels (Fig. 7D). Western
blot analysis showed higher levels of H3K9ac upon treatment of
the inhibitors, confirming the inhibition of HDAC3 activity by these
inhibitors (Fig. 7D). These data suggest that the enzyme activity of
HDAC3 is not required for controlling NKAP protein stability.
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Fig.5 Knockdown of HDAC3 results in R-loop accumulation that triggers DNA damage. A and B Western blot analysis of co-IP between Myc-
NKAP and Flag-HDAC3 proteins expressed in HEK293T cells. The IP was performed using anti-Myc (A) or anti-Flag (B) antibodies with cell lysates
treated with (+) or without (—) RNase A. C Western blot analysis of co-IP between endogenous HDAC3 and NKAP proteins in U20S cells. The IP
was performed using anti-HDAC3 antibody with cell lysates. D-F Representative images (D) and quantification (E and F) of S9.6 fluorescence
staining in cells following transfection with control or HDAC3 siRNAs for 48 h. anti-Nucleolin antibody was used to detect Nucleolin and label the
nucleolus. The graph shows the 59.6 fluorescence intensity per nucleus (E) and nucleoplasm (F). The value for the nucleoplasm was determined
by the signal intensity per nucleus with subtraction of the nucleolar signal. ****P < 0.0001 (Mann-Whitney U-test, two-tailed). G Dot blot analysis
of R-loops using the $9.6 antibody. Genomic DNA was extracted from cells following transfection with control or HDAC3 siRNAs for 48 h. RNase H
treatment was conducted alongside and used as a negative control. dsDNA was used as an internal sample loading control. H DRIP-qPCR analysis
of the indicated loci in cells following transfection with control or HDAC3 siRNAs for 48 h. In vitro RNase H treatment was conducted prior to
pulldown and served as a control. The graph shows the relative value of R-loop level in each gene loci which was normalized with respect control.
***¥P < 0.0001; **P < 0.01; *P < 0.05 (paired Student’s t test). | and J Representative images () and quantification (J) of yYH2AX foci in cells following
transfection with control or HDAC3 siRNAs for 48 h and subsequent treatment with (+) or without (—) doxycycline (DOX) to induce RNH1
overexpression. The graph shows the number of foci per cell. ****P < 0.0001; ***P < 0.001 (Mann-Whitney U-test, two-tailed). K Western blot
analysis using indicated antibodies. Lysates were prepared from cells following transfection with control or HDAC3 siRNAs for 48 h and
subsequent treatment with (4) or without (—) doxycycline (DOX) to induce RNH1 overexpression. GAPDH serves as a loading control. Scale bar,

20 pm. a.u. indicates arbitrary units. Data are presented as Mean + standard error of the mean (SEM).

To further verify this, we constructed HDAC3 wild type and
deacetylase deficient mutant plasmid and performed the rescue
experiments in HDAC3 depleted cells. While overexpression of
HDAC3 wild type plasmid rescued the effect of HDAC3 depletion
on NKAP protein level, similar rescue was also observed when
overexpressing HDAC3 with K25A or Y298F mutations, which have
been reported to abolish HDAC3 deacetylase enzymatic activity
(Fig. 7E) [65].

To further explore the possible mechanism underlying the
maintenance of NKAP protein stability, we examined the
proteasomal and lysosomal protein degradation pathways. Inhibi-
tion of the proteasome by MG132 did not restore NKAP levels in
HDAC3 depleted cells (Fig. 7F). We noticed that a further reduction
of NKAP levels upon MG132 treatment, although the reason for
this was unclear. Interestingly, inhibition of the lysosome by
chloroquine (CQ) restored the levels of NKAP in HDAC3 depleted
cells (Fig. 7G). Similarly, treatment with another autophagy
inhibitor 3-Methyladenine (3-MA) also brought up NKAP levels in
HDAC3 depleted cells (Fig. 7H). Therefore, these findings suggest
that the degradation of NKAP acts through the lysosomal pathway
in HDAC3 deficient cells.

The above data suggest that HDAC3 may act upstream of NKAP
within the same pathway to regulate R-loop homeostasis and DNA
damage. To confirm this, HDAC3 and NKAP were depleted
separately or together to allow us to examine the resulting
effects. Compared with either HDAC3 or NKAP depletion alone,
combined depletion resulted in a similar accumulation of R-loops
(Fig. 71). Furthermore, a similar increase of DNA damage was also
observed in cells depleted of HDAC3, NKAP alone or together
(Fig. 7J and K). To further support the role of HDAC3 in controlling
R-loops through stabilizing NKAP, we performed the NKAP
overexpression experiment. We found that overexpression of
NKAP was able to reduce R-loops and DNA damage in HDAC3
knockdown cells, as revealed by the staining of $9.6 and yH2AX
(Supplementary Fig. ST11A-D). Elevated yH2AX levels was con-
firmed by western blot analysis (Supplementary Fig. S11E).
Together, these data show that HDAC3 controls NKAP protein
stability, which is mediated by the lysosomal pathway.

NKAP prevents R-loop formation by regulating RNA
polymerase Il pausing

As the impact of HDAC3 on R-loops is mediated through the
stability of NKAP, we then focused on NKAP and explored the
potential role of NKAP in regulating R-loop homeostasis. In order
to do this, we performed a series of experiments. First, we
examined the interaction between NKAP and R-loops using the
coimmunorecipitation (Co-IP) assay, and the result showed that
there was no detectable interaction between them (Fig. 8A). As a
control, DHX9 interacted with R-loops as reported previously [66]
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(Fig. 8A). This led us to conclude that NKAP likely functions in
preventing R-loop formation but not the resolution of the R-loops.
As NKAP has been previously shown to be part of the splicing
complex, we consider that R-loop accumulation in NKAP depletion
cells might be due to the defects in coupling between RNA
splicing and transcription [50]. It has been proposed that R-loop
accumulation often occurs following RNA polymerase Il pausing at
transcription start sites [21, 67-69]. To test this possibility, we
performed ChIP-Seq analysis with an antibody against RNA
polymerase Il. We found that the distribution of Pol Il signals
was decreased at the transcription start sites (TSSs) and
transcription end sites (TESs) upon depletion of NKAP (Fig. 8B-D).
Moreover, knockdown of NKAP did not reduce the protein level of
Pol Il, ruling out the possible effect of reduced expression of Pol Il
(Fig. 8E). The reduction in Pol Il occupancy suggests that a
potential mechanism by which NKAP prevents R-loop formation
by maintaining the duration of Pol Il pausing. To further
characterize the relationship between NKAP and Pol I, we tested
the possible interaction between NKAP and Pol Il as well as the
Ser2 and Ser5 phosphorylated forms of Pol Il. Our Co-IP analysis
showed that there were no detectable interactions between NKAP
and various forms of Pol II, indicating that the connection between
NKAP and Pol Il might be indirect (Fig. 8F). Taken together, we
suggest that stimulation of Pol Il elongation promotes R-loop
accumulation in NKAP deficient cells.

R-loops accumulated in NKAP or HDAC3 deficient cells are
processed by XPF and XPG

It has been shown that R-loops can be actively processed into
DNA double-strand breaks by the transcription coupled nucleo-
tide excision repair endonucleases XPF and XPG [70]. To explore
the roles of XPF and XPG in the processing of R-loops, we tested
whether these two endonucleases are responsible for R-loop
associated DNA damage observed in NKAP or HDAC3-deficient
cells. If XPF or XPG indeed has a role in processing NKAP or
HDAC3-deficiency-induced R-loop into double-strand DNA
break, then we would expect to see a reduction in DNA damage
and an increase in R-loop levels in NKAP or HDAC3 knockdown
cells with concomitant XPF or XPG knockdown. Depletion of XPF
or XPG by siRNA clearly reduced the number of yH2AX foci
observed upon knockdown of NKAP (Fig. 9A and B, and
Supplementary Fig. S12A and B). Consistently, Western blot
analysis confirmed that XPF or XPG knockdown decreased the
induction of yH2AX in NKAP deficient cells (Fig. 9C and D).
Similar results were obtained upon concurrent knockdown of
XPF or XPG with HDAC3 (Fig. 9E-H, and Supplementary Fig. S13A
and B). It is possible that the effects of XPF and XPG knockdown
were indirect due to reduced DNA replication and overall
transcription. To rule out this possibility, we first used flow

SPRINGER NATURE

1821



X. Zhang et al.

1822

Myc IP:Myc

HDAC3| =

Myc 25 | Input

B Myc-NKAP-C

c.u'b{2
N
Q¥ KDa
NKAP i 55

=
HDAC3 v: . 40

Myc-NKAP-C | s - -

&
& \Qoo

Q
o
<
4
z
[
>
=

T 20007 e
v

1500

1000

500

$9.6 intensity per nucleus(a.u

m
%,

= Ctrl
o Myc-GFP
i T Myc-NKAP-C

Myc-NKAP-C

DNA:RNA hybrids(Relative Values)

G H o~ |
QQ @' E 1.5
410 & N N
o R éﬂo %" 3
3 o S kpa &
o 80 P X 1
S 60 s 2
3] Myc [4
L i : — E
3 - 15 E 0.5
T e e H
s i x NKAP[ERREe 55 @
olame e e S— s
& A b v-H2AX —"ras 3 0% 2
(OO IR 4 S RS
F & GAPDH| s s |3 TES
» (.,S\ ) O,\\
™ o

Fig. 6 Overexpression of NKAP C-terminal DUF926 domain causes R-loop accumulation and DNA damage. A Western blot analysis of co-IP
between HDAC3 and Myc-GFP or Myc-NKAP-C expressed in HEK293T cells. Lysates were prepared from cells transfected with control, pCMV-
Myc-GFP or pCMV-Myc-NKAP-DUF926 plasmids. The IP was performed using anti-Myc antibody with cell lysates. B Western blot analysis of co-
IP between endogenous HDAC3 and NKAP proteins in pCMV-Myc-NKAP-DUF926 overexpression U20S cells. The IP was performed using anti-
HDAC3 antibody with cell lysates. C and D Representative images (C) and quantification (D) of $9.6 fluorescence staining in cells transfected
with control, pCMV-Myc-GFP or pCMV-Myc-NKAP-DUF926 plasmids. The graph shows the S9.6 fluorescence intensity per nucleus.
*¥*¥%p < 0.0001 (Mann-Whitney U-test, two-tailed). E DRIP-gPCR analysis of the indicated loci in cells following transfection with control, pCMV-
Myc-GFP or pCMV-Myc-NKAP-DUF926 plasmids. The graph shows the relative value of R-loop level in each gene loci which was normalized
with respect control. ****P < 0.0001; **P < 0.01; *P < 0.05 (paired Student’s t test). F and G Representative images (F) and quantification (G) of
yH2AX foci in cells transfected with control, pCMV-Myc-GFP or pCMV-Myc-NKAP-DUF926 plasmids. The graph shows the number of foci per
cell. ****P < 0.0001 (Mann-Whitney U-test, two-tailed). H Western blot analysis using indicated antibodies. Lysates were prepared from cells
transfected with control, pCMV-Myc-GFP or pCMV-Myc-NKAP-DUF926 plasmids. GAPDH serves as a loading control. | RT-qPCR analysis of
NKAP and HDAC3 mRNA levels. Total RNAs were isolated from cells following transfection with control, pCMV-Myc-GFP or pCMV-Myc-NKAP-
DUF926 plasmids. GAPDH serves as a control. ***P < 0.001(paired Student’s t test). Scale bar, 20 pm. a.u. indicates arbitrary units. Data are
presented as Mean + standard error of the mean (SEM).
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Fig. 7 NKAP protein is stabilized by HDAC3 independent of its deacetylase activity. A Western blot analysis using indicated antibodies.
Lysates were prepared from cells following transfection with control, NKAP, HDAC3 or a combination of both siRNAs for 48 h. a-Tubulin serves
as a loading control. B and € RT-qPCR analysis of NKAP and HDAC3 mRNA levels. Total RNAs were isolated from cells following transfection
with control, NKAP or HDAC3 siRNAs for 48 h. GAPDH serves as a control. ***P < 0.001(paired Student’s t test). D Western blot analysis using
indicated antibodies. Lysates were prepared from control (DMSO) cells or cells treated with Trichostatin A (TSA, 5 uM), Valproic acid (VPA,
0.5 mM), or RGFP966 (10 pM) for 24 h. GAPDH serves as a loading control. E Western blot analysis using indicated antibodies. L}/sates were
prepared from siCtrl or siHDAC3 cells transfected with empty vector, siRNA-resistant form of Flag-HDAC3"', Flag-HDAC3¥*** or Flag-
HDAC3Y2%®F plasmids. GAPDH serves as a loading control. F Western blot analysis using indicated antibodies. Lysates were prepared from cells
following transfection with control or HDAC3 siRNAs for 42 h and subsequent treatment with DMSO or MG132 (5 pM) for 6 h. GAPDH serves as
a loading control. G Western blot analysis using indicated antibodies. Lysates were prepared from cells following transfection with control or
HDAC3 siRNAs for 24 h and subsequent treatment with or without Chloroquine (CQ, 20 pM) for 24 h. GAPDH serves as a loading control.
H Western blot analysis using indicated antibodies. Lysates were prepared from cells following transfection with control or HDAC3 siRNAs for
24 h and subsequent treatment with or without 3-Methyladenine (3-MA, 5 mM) for 24 h. GAPDH serves as a loading control. | Quantification of
S9.6 fluorescence staining in cells following transfection with control, NKAP, HDAC3 or a combination of both siRNAs for 48 h. The graph
shows the S9.6 intensity per nucleus. ****P <0.0001 (Mann-Whitney U-test, two-tailed). J Quantification of yH2AX foci in cells following
transfection with control, NKAP, HDAC3 or a combination of both siRNAs for 48 h. The graph shows the number of yH2AX foci per cell.
***¥D < 0.0001 (Mann-Whitney U-test, two-tailed). K Western blot analysis using indicated antibodies. Lysates were prepared from cells
following transfection with control, NKAP, HDAC3 or a combination of both siRNAs for 48 h. a-Tubulin serves as a loading control. a.u. indicates
arbitrary units. Data are presented as Mean + standard error of the mean (SEM).
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cytometry-based DNA content analysis to examine cell cycle
progression in XPF and XPG knockdown cells. As compared to
the control, knockdown of XPF did not cause alterations in cell
cycle regulation (Supplementary Fig. S14A and B). A slight
increase in cell population in the S phase was observed in XPG
knockdown cells with a concomitant decrease in the G1-phase
population (Supplementary Fig. S14A and B). In addition, we
used 5-ethynyluridine (EU) incorporation assay to visualize
overall transcription. The results showed that the EU signal
was comparable between control and XPF knockdown cells
(Supplementary Fig. S14C and D). We also noticed that the EU
signal intensity was slightly higher in XPG knockdown cells as
compared to the control (Supplementary Fig. S14C and D). These
data together indicate that knockdown of XPF or XPG does not
reduce DNA replication or transcription, further supporting their
direct roles in NKAP and HDAC3 deficient cells.

SPRINGER NATURE

Next, we examined the levels of R-loops after codepletion of
either XPF or XPG with NKAP. More R-loops were accumulated
when either XPF or XPG was knocked down with NKAP compared
to knockdown of NKAP alone (Fig. 91 and J, and Supplementary
Fig. S15A and B). We noticed that R-loops were slightly increased
in XPF knockdown cells (Fig. 91 and J, and Supplementary
Fig. ST5A). Similar effects on R-loop accumulation were observed
when XPF or XPG was codepleted with HDAC3 (Fig. 9K and L, and
Supplementary Fig. S16A and B). Together, these results indicate
that XPF and XPG are responsible for NKAP/HDAC3 depletion
induced DNA damage through the processing of R-loops.

DISCUSSION
In this study, we show that NKAP has a function in preventing
R-loop associated genome instability. Moreover, loss of NKAP

Cell Death & Differentiation (2023) 30:1811-1828
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Fig. 9 R-loops are processed into DNA double-strand breaks by XPF and XPG in NKAP or HDAC3 depletion cells. A Quantification of
yYH2AX foci in cells following transfection with control, XPF, NKAP or a combination of both siRNAs for 48 h. The graph shows the number of
foci per cell. ****P < 0.0001 (Mann-Whitney U-test, two-tailed). B Quantification of yH2AX foci in cells following transfection with control, XPG,
NKAP or a combination of both siRNAs for 48 h. The graph shows the number of foci per cell. ****P < 0.0001 (Mann-Whitney U-test, two-
tailed). C and D Western blot analysis using indicated antibodies. Lysates were prepared from cells as in (A and B), respectively. GAPDH serves
as a loading control. E Quantification of yH2AX foci in cells following transfection with control, XPF, HDAC3 or a combination of both siRNAs
for 48 h. The graph shows the number of foci per cell. ****P < 0.0001 (Mann-Whitney U-test, two-tailed). F Quantification of yH2AX foci in cells
following transfection with control, XPG, HDAC3 or a combination of both siRNAs for 48 h. The graph shows the number of foci per cell.
***¥¥D < 0.0001 (Mann-Whitney U-test, two-tailed). G and H Western blot analysis using indicated antibodies. Lysates were prepared from cells
as in E and F, respectively. GAPDH serves as a loading control. I-L Quantification of 59.6 fluorescence staining in cells following transfection
with indicated siRNAs for 48 h. The graph shows the S9.6 intensity per nucleus. ****P < 0.0001 (Mann-Whitney U-test, two-tailed). a.u. indicates
arbitrary units. Data are presented as Mean + standard error of the mean (SEM).

results in DNA replication stress mediated by the formation of responsible for the genomic instability generated in NKAP

R-loops. Consistent with the association between NKAP and knockdown cells. In addition, accumulation of R-loops and DNA
HDAC3, depletion of HDAC3 leads to R-loop mediated genome damage in NKAP deficient cells also depends on transcription,
instability and DNA replication stress. Interestingly, we show that indicating that active transcription is a feature of R-loop occurring

HDAC3 regulates NKAP stability in a deacetylase independent regions in the genome. NKAP is one component of the human
manner. Furthermore, we provide evidence that NKAP functions spliceosome and interacts with other splicing factors [43, 50]. We
to prevent R-loop formation through regulating RNA polymerase Il have shown that the RNA polymerase Il occupancy is reduced in
pausing. Last, we find that R-loops induced by NKAP or HDAC3 NKAP depletion cells, and this indicates that stimulation of Pol I
depletion are processed by the endonuclease XPF and XPG. These elongation might mediate the effect on aberrant R-loop formation.
results not only provide new insights into the function of NKAP This is consistent with the idea that the coordination between
and HDAC3 in R-loop metabolism, but also support a model in RNA splicing and transcriptional elongation is essential for
which the NKAP/HDAC3 complex prevent DNA replication stress preventing R-loop formation [71, 72]. However, the interaction
and open the possibility of using R-loop regulators to develop between NKAP and Pol Il is not detected, indicating that other

anticancer agents (Fig. 10). factors are involved in the connection between NKAP and Pol Il

NKAP has an RS domain at the N-terminus and plays important The regulation of R-loop homeostasis by splicing factors is also
roles in splicing [43]. Previous studies have linked RNA splicing involved in other mechanisms. For instance, a recent study reports
factors with R-loop associated genome instability [21, 25]. that the splicing factor XAB2 interacts with XPF and XPG and the
Consistent with this, NKAP depletion cells accumulate DNA breaks protein complex is recruited on R-loops under conditions that
monitored as H2AX foci and R-loops as stained with $9.6 antibody, favor R-loop formation [73]. It remains unknown whether XAB2
and also show chromosome bridges and micronuclei. Importantly, also regulates Pol Il pausing. In NKAP depletion cells, we observe
accumulation of DNA breaks can be partially suppressed by the the increase of nuclear R-loops as well as cytoplasmic R-loops. This
overexpression of RNase H1, indicating that R-loops are is consistent with recent findings that cytoplasmic R-loops and
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ssDNA moieties are triggered by the formation of nuclear R-loops
[74, 75]. Importantly, it has been shown that these cytoplasmic
R-loops and ssDNA moieties can active an immune response
[74, 75]. Further studies are needed to examine whether
cytoplasmic R-loops in NKAP depletion cells also elicit such an
immune response.

The NKAP/HDAC3 complex has been extensively studied in the
immune system through the conditional knockout mice
[44, 46, 76, 77]. Similar phenotypes are observed when either
NKAP or HDAC3 are deleted, supporting the importance of their
interactions [44, 46, 76, 77]. It has previously been known that
depletion of HDAC3 leads to DNA damage and genome instability
[63, 64]. Consistent with this, we show that loss of HDAC3 causes
DNA damage in human U20S cells. Importantly, we also find that
HDAC3 depletion causes R-loop accumulation and overexpression
of RNase H1 could partially suppress DNA damage in HDAC3
deficient cells. These findings provide novel molecular mechanism
underlying the role of HDAC3 in preventing DNA damage and
maintaining genome integrity. Disrupting the interaction between
NKAP and HDAC3 could give rise to similar phenotypes as in NKAP
or HDAC3 depletion cells, further supporting the integrity of the
NKAP/HDAC3 complex is essential for preventing R-loop asso-
ciated genome instability. Interestingly, we find that NKAP protein
levels are reduced in the absence of HDAC3, indicating a potential
regulation of NKAP by HDAC3. Our detailed analysis reveals that
the regulation of NKAP by HDAC3 does not dependent on the
deacetylase activity and key residues involved in deacetylation
function of HDAC3. These findings support the notion that HDAC3
could function to stabilize NKAP through a deacetylase indepen-
dent mechanism. We provide evidence that overexpression of
NKAP was able to reduce R-loops and DNA damage in HDAC3
deficient cells, further supporting the role of HDAC3 in controlling
R-loop homeostasis through stabilizing NKAP. We show that the
degradation of NKAP in HDAC3 deficient cells could be mediated
by the lysosome/autophagy pathway. However, the detailed
molecular mechanism requires further investigation.

We have shown that DNA damage defects are partially rescued
in cells depleted for NKAP or HDAC3 when XPF or XPG is knocked
down. Furthermore, the levels of R-loops are further increased in
these cells. These findings support that endonucleases XPF and
XPG function to process unscheduled R-loops into DNA breaks in
NKAP or HDAC3 deficient cells. Notably, while knockdown of XPG
does not alter R-loop levels, XPF knockdown alone causes a

SPRINGER NATURE

slightly increase in R-loop accumulation. One possible explanation
could be that XPF also plays a role in processing naturally
occurring R-loops.

Consequently, we propose a model in which NKAP acts with
HDAC3 in preventing R-loop associated genome instability
(Fig. 10). NKAP and HDAC3 form a complex and associate with
the nascent RNA directly or indirectly during transcription, such
association protects the genome from accumulation of aberrant
R-loops. It would be interesting to explore the genomic
distribution of these R-loops structures in NKAP or HDAC3
deficient cells in the future. Complete understanding of the
deregulation of NKAP and HDAC3 leading to the accumulation of
R-loops in human cells could open new direction for designing
new therapeutic approaches in cancer treatment.
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