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Abstract 

R-loops cause genome inst abilit y, disrupting normal cellular functions. Histone acetylation, particularly by p300 / CBP-associated factor (PCAF), is 
essential for maintaining genome stability and regulating cellular processes. Understanding how R-loop formation and resolution are regulated 
is important because dysregulation of these processes can lead to multiple diseases, including cancer. This study explores the role of PCAF in 
maintaining genome stability, specifically for R-loop resolution. We found that PCAF depletion promotes the generation of R-loop str uct ures, 
especially during ongoing transcription, thereby compromising genome st abilit y . Mechanistically , w e f ound that PCAF f acilitates histone H4K8 
acetylation, leading to recruitment of the a double-strand break repair protein (MRE11) and e x onuclease 1 (EXO1) to R-loop sites. These in 
t urn recr uit Fanconi anemia (F A) proteins, including F ANCM and BLM, to resolve the R-loop str uct ure. Our findings suggest that PCAF, histone 
acetylation, and FA proteins collaborate to resolve R-loops and ensure genome st abilit y. T his study theref ore pro vides no v el mechanistic insights 
into the dynamics of R-loops as well as the role of PCAF in preserving genome st abilit y. These results may help develop therapeutic strategies 
to target diseases associated with genome instability. 
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-loops are nucleic acid structures composed of three strands,
hich arise when RNA hybridizes with a DNA template

trand during transcription ( 1 ,2 ). The RNA and DNA form
 stable hybrid, causing the exposure of the non-template
NA strand. While R-loops are essential for many cellular
rocesses, including transcription, replication, and DNA re-
air, their prolonged existence and accumulation can induce
enomic instability, potentially contributing to diseases, such
s cancer ( 3–5 ). Due to these health implications, understand-
ng the mechanisms governing R-loop formation and resolu-

ion is vital. 
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To ensure genome integrity during transcription, cells em-
ploy several enzymes to resolve R-loops and preserve the DNA
( 4 ). Endoribonucleases, such as RNase H1 and RNase H2,
can cleave off the RNA in RNA / DNA hybrids ( 6 ,7 ); RNA
splicing factors, including serine and arginine-rich splicing fac-
tor 1 (SRSF1) and splicing factor 3B subunit 1 (SF3B1) pre-
vent R-loop formation ( 8 ,9 ); topoisomerases remove R-loops
to prevent replication stress ( 10–12 ); and RNA / DNA heli-
cases, such as Senataxin (SETX), FA complementation group
M (FANCM), and BLM RecQ like helicase (BLM) unwind
RNA / DNA hybrids ( 11 ,13–15 ). In addition, the MRE11–
RAD50–NBS1 (MRN) complex suppresses R-loop forma-
4. Accepted: June 19, 2024 
c Acids Research. 
ons Attribution-NonCommercial License 
ial re-use, distribution, and reproduction in any medium, provided the 
up.com for reprints and translation rights for reprints. All other 
ink on the article page on our site—for further information please contact 

https://doi.org/10.1093/nar/gkae558
https://orcid.org/0000-0003-2552-9990
https://orcid.org/0000-0002-4544-0013
https://orcid.org/0009-0005-6645-8094


8644 Nucleic Acids Research , 2024, Vol. 52, No. 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tion independently of its catalytic activity ( 16 ) and main-
tains genome stability by leveraging the nuclease activity of
MRE11. Moreover, it also serves a structural function by act-
ing as a DNA tether and platform for DNA damage signaling
( 17 ). During R-loop resolution, MRN can collaborate with
other helicases, where it uses its structural capability to re-
cruit RNA / DNA helicases such as FANCM and BLM to the
R-loop accumulation sites ( 16 ). 

Exonuclease 1 (EXO1) is important for signaling DNA
damage mediated by RNA / DNA hybrids ( 18 ). These hy-
brids act as platforms for DNA repair proteins at sites of
double-strand breaks (DSBs). For example, BRCA1 recog-
nizes RNA / DNA hybrids near DSBs at DNA damage sites
and recruits RNase H2 and EXO1. Next, EXO1 resects the
DNA strand, while RNase H2 degrades the RNA. This facil-
itates the formation of RAD51 nucleofilaments and ensures
proper homologous recombination (HR) repair ( 19 ). How-
ever, the function of EXO1 in resolving R-loops at transcrip-
tion sites and the mechanisms by which MRN and EXO1
are recruited to the R-loop accumulation sites remain unclear.
In a previous study, we found that MRE11 and EXO1 were
recruited at the replication fork during histone acetylation
( 20 ). Furthermore, histone acetylation is critical for nuclease
recruitment ( 20 ). 

PCAF (p300 / CBP-associated factor) is a histone acetyl-
transferase (HAT) that regulates gene expression. It belongs
to the GNAT (Gcn5-related N-acetyltransferase) superfam-
ily of HAT enzymes and is highly conserved in eukaryotes.
PCAF can acetylate lysine residues of histones present in the
chromatin structure of DNA; this acetylation alters chromatin
structure and allows for the activation or repression of gene
expression ( 21 ). In addition to its role in transcriptional reg-
ulation, PCAF is also involved in various cellular processes,
including DNA repair, cell cycle progression, and apoptosis
( 11 , 20 , 22 , 23 ). Furthermore, dysregulation of PCAF has been
implicated in cancers ( 20 , 24 , 25 ). Understanding the mecha-
nisms regulating PCAF activity may facilitate the development
of new therapeutic strategies for cancer treatment. To that end,
we observed a decrease in PCAF expression in various cancers,
which prompted us to assess its role in transcription-mediated
endogenous DNA damage. 

Here, we report that PCAF-mediated histone acetylation is
a crucial signaling event that facilitates the recruitment of R-
loop-resolving enzymes. Specifically, PCAF promotes the res-
olution of accumulated R-loops by acetylating histone H4 at
lysine 8 (H4K8ac), thereby enhancing recruitment of MRE11
and EXO1 to the R-loop site. In addition, we found that
PCAF-mediated histone acetylation can eliminate patholog-
ical R-loops in cells that are depleted of BRCA and SETX.
Overall, our findings highlight that PCAF and histone acety-
lation are essential components for safeguarding against en-
dogenous DNA damage during transcription. 

Materials and methods 

Cell lines and culture 

U2OS and HEK-293 cells were purchased from ATCC (HTB-
96 and CRL-1573, respectively) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS and 1% penicillin / streptomycin. RPE and MRC5 cells
were kindly provided from Dr Kyle M. Miller (The University
of Texas at Austin, TX). These cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin / streptomycin.
U2OS-PCAF knockout (KO) cell lines were generated us- 
ing the CRISPR / Cas9 system, as previously described ( 11 ).
U2OS-MRE11 or -EXO1 knockdown (KD) cell lines were 
made with shMRE11 (Sigma-Aldrich, #TRCN0000039868) 
and shEXO1 (Sigma-Aldrich, # TRCN0000039788) lentiviral 
constructs. RPE- and MRC5-PCAF knockdown (KD) cell lines 
were made with shPCAF (Sigma-Aldrich, TRCN0000018528) 
lentiviral constructs. Lentiviral vectors (pLK O .1-shRNAs) 
were obtained from Sigma-Aldrich and transfected into HEK- 
293 cells with an envelope vector (pMD2.G), and packing vec- 
tors (pRSV-Rev and pMDLg / RRE) using Lipofectamine 2000 

(Invitrogen). Transfected cells were changed to fresh medium 

the following day, and the lentivirus-containing medium was 
harvested 48 h, 72 h post-transfection. U2OS cells were in- 
fected with the virus-containing medium in the presence of 
polybrene (8.3 μg / ml) and selected with puromycin (2 μg / ml) 
for 3 days. The knockdown (KD) cells were validated by 
western blotting using specific antibodies. For siRNA-based 

knockdown cells, U2OS cells were transfected with siRNA 

using Lipofectamine RNAiMAX or Lipofectamine 2000 and 

then, knockdown efficiency was confirmed by western blot- 
ting and qRT-PCR. The qRT-PCR primers are listed in 

Supplementary Table S1 and the siRNA sequences used in this 
study are as follows: 

Control siRNA (siCtrl) : 5 

′ -AACGUACGCGGAA UA CUU 

CGAUU-3 

′ 

MRE11 siRNA : 5 

′ -A CA GGA GAA GA GA UCAA CUUU-3 

′ 

EXO1 siRNA : 5 

′ -GGA UGUA CUUUA CCUUCUA UU-3 

′ 

CtIP siRNA : 5 

′ -GCU AAAAC AGGAACGAAUCUU-3 

′ 

SETX siRNA : 5 

′ -GA GA GAA UUA UUGCGUA CUUU-3 

′ 

FANCD2 siRNA : 5 

′ -CCUUA GA UGUCCUUCUA GA UU- 
3 

′ 

Plasmids and cloning 

PCAF, MRE11 and EXO1 were cloned into the pENTR / D- 
TOPO vector (Invitrogen) and entry clones were then trans- 
ferred into various destination vectors (pcDNA6.2 N-EmGFP,
pDEST-CMV-SFB and pDEST20) using the Gateway LR 

Cloning system (Invitrogen). The deletion mutants were 
generated by Q5 Site-direct mutagenesis (NEB), and point 
mutants were constructed using QuikChange Site-directed 

mutagenesis (Agilent Technologies), following the manufac- 
turer’s instructions. All primer sequences are summarized in 

Supplementary Table S1 . 

Antibodies 

Primary antibodies used in this study were Anti-S9.6 (Ker- 
afest, #ENH001); Anti-ssDNA (Millipore, #MAB3034); Anti- 
Nucleolin (Abcam, #ab50279); Anti-PCAF (Cell Signaling,
#3378); Anti-H4K8ac (Millipore, #07-328); Anti-MRE11 

(Novus Biologicals, #NB100-142); Anti-EXO1 (Genetex,
#GTX109891); Anti-FANCM (Cell Signaling, #57697); Anti- 
BLM (Abcam, #ab2179); Anti-GFP (Abcam, #ab290); Anti- 
mCherry (Abcam, #ab167453); Anti-Flag (Sigma-Aldrich,
#F1804; Millipore, #F7425), Anti- β-actin (Sigma-Aldrich,
#A5441); Anti-mouse IgG isotype control (Santa-Cruz, #sc- 
2025). Secondary antibodies used were anti-mouse HRP 

(Cell Signaling, #7076), anti-rabbit HRP (Cell Signaling,
#7074), Alexa Fluor 488 goat anti-mouse IgG (Invitrogen,
#A11029), Alexa Fluor 594 goat anti-mouse IgG (Invitrogen,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
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A11032), Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen,
A11034), Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen,
A11037). 

estern blotting 

amples were subjected to electrophoresis on an 8–16% gradi-
nt SDS-PAGE gel for 90 min (120 V) and were subsequently
ransferred onto a nitrocellulose membrane (Cytiva) for 2 h at
00V. The transferred membranes were blocked with 3% BSA
n TBS-T (0.05% Tween-20) for 1 h and incubated with the
pecific primary antibody at 4 

◦C overnight with gentle shak-
ng. Membranes were washed 3 times with TBS-T and then
ncubated with the appropriate secondary antibody for 1 h at
oom temperature, with gentle shaking. Following another 3
imes washing, the membranes were visualized using ECL (GE
ealthcare) and imaged with a ChemiDoc instrument (Bio-
ad) through chemiluminescence. 

ingle-cell gel electrophoresis (neutral comet 
ssay) 

he neutral comet assay was conducted to measure DNA
ouble-strand breaks (DSBs) using the CometAssay Reagent
it (Trevigen), following the manufacturer’s instructions.
riefly, cells were harvested with trypsin-EDTA and washed
nce with PBS. Cell pellets were mixed with LMAgarose and
pplied to glass slides. The cells were lysed with comet ly-
is buffer at 4 

◦C for 1 h, and slides were subjected to elec-
rophoresis (1 V / cm 

2 ) for 40 min in TBE buffer using a sub-
erged horizontal electrophoresis system (Bio-Rad). Subse-
uently, samples were fixed with 70% EtOH for 10 min, and
ried at room temperature. The dried slides were stained with
YBR-green (Invitrogen) for 10 min and the comet images
ere captured using a fluorescence microscope (Eclipse Ti2,
ikon). Comet tail moments were calculated using ImageJ

nd graphed using Prism software. The tail moment (TM) re-
ects both the tail length (TL) and the fraction of DNA in the
omet tail (TM = %DNA in tail × TL / 100). 

mmunofluorescence for R-loop 

ells were fixed with 100% ice-cold methanol at 4 

◦C for
0 min and 3 times washed with PBS at room temperature.
ells were then blocked with 3% BSA / PBST for 1 h and

ncubated with the S9.6 antibody (Kerafast) at 4 

◦C for 18
. The co-stained samples were used with appropriate anti-
odies and cells were washed with PBS after primary anti-
ody incubation. Cells were then incubated with Alexa Fluor
econdary antibody in 3% BSA / PBST for 1 h and mounted
ith Vectashield mounting medium containing DAPI (Vector
abs). Images were captured using a fluorescence microscope
Eclipse Ti2, Nikon) or Fluoview FV 3000 confocal micro-
cope (Olympus) and nucleoplasmic S9.6 signals were quan-
ified using ImageJ. 

FP-dRH protein purification and 

mmunofluorescence 

he purification of GFP-dRH was performed as described in
 26 ,27 ). Briefly, an N-terminal tandem His-GFP-tagged RNase
1 D210 (GFP-dRH) plasmid was purchased from Addgene

#174448), and transformed into E. coli BL21 (DE3). Cells
ere cultured in LB broth until the OD 600 reached 0.5 and

hen induced with IPTG (final concentration of 0.4 mM). The
cell pellet was lysed with lysis buffer (50 mM Tris–Cl, pH 7.5,
50 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.2%
Triton X-100, 100 ng / μl lysozyme, and 1 mM PMSF) and son-
icated 3 times (10 s pulse ON / OFF). The soluble fraction was
collected by centrifugation, and the supernatants were used to
purify the His-GFP-dRH with a MagListo™ His-tagged pro-
tein purification kit (Bioneer). To image the R-loop with GFP-
dRH, cells were fixed with 100% ice-cold methanol at –20 

◦C
for 5 min and washed 3 times with PBS at room tempera-
ture. Cells were then permeabilized with 0.25% Triton X-100
for 10 min and pretreated with RNase H (NEB, M0297) for
enzymatic digestion. Samples were blocked with 3% BSA (in
PBS) for 30 min and incubated with a 1:2000 dilution of GFP-
dRNH1 (0.2 mg / ml) in 3% BSA for 2 h at 37 

◦C. After incu-
bation, samples were washed 3 times with TBST and mounted
with a Vectashield mounting medium containing DAPI (Vec-
tor Labs). Images were captured using a fluorescence micro-
scope (Eclipse Ti2, Nikon) and signals were quantified using
ImageJ. 

Dot blot assay for R-loop 

The dot blot assay for R-loop detection was performed as
previously described ( 11 ). To assess the R-loop level, total ge-
nomic DNA was isolated from cells using the DNeasy Blood
and Tissue kit (Qiagen). The isolated genomic DNA was spot-
ted as a dot on a nitrocellulose membrane and UV-crosslinked.
The membrane was detected using S9.6 and ssDNA antibod-
ies in 1% BSA / TBST, and images were acquired with Chemi-
Doc (Bio-Rad). The intensity was calculated by ImageJ and
S9.6 intensity was normalized to the ssDNA signal. RNase H
(NEB, M0297) treated sample was used as a negative control
for R-loop. 

R-loop Immunoprecipitation (R-loop IP) 

R-loop IP was performed as previously described ( 28 ,29 ).
Briefly, cells were harvested and lysed with lysis buffer (85
mM KCl, 5 mM PIPES, pH 8.0, and 0.5% NP-40, protease
inhibitor cocktail) for 10 min on ice. Subsequently, cells were
centrifuged at 500 × g at 4 

◦C for 5 min, and pelleted nuclei
were resuspended in nuclear lysis buffer (10 mM Tris–HCl,
pH 7.5, 200 mM NaCl, 2.5 mM MgCl 2 , 0.2% sodium de-
oxycholate, 0.1% SDS, 0.05% sodium lauroyl sarcosinate).
The lysate was sonicated 4 times (10 s pulse ON / OFF) and
diluted in S9.6 IP buffer (10 mM Tris–HCl, pH 7.5, 200 mM
NaCl, 2.5 mM MgCl 2 , 0.05% sodium deoxycholate, 0.025%
SDS, 0.0125% sodium lauroyl sarcosinate) with protease in-
hibitor cocktail. R-loops were immunoprecipitated at 4 

◦C for
2 h with BSA-blocked protein A / G beads conjugated to the
S9.6 antibody. After incubation, the samples were treated with
RNase A and washed with RSB (10 mM Tris–HCl, pH 7.5,
200 mM NaCl, 2.5 mM MgCl 2 ) and RSB with 0.5% Triton
X-100 buffer. The bead-bound proteins were eluted with SDS
sample buffer and boiled supernatants were separated by 8–
16% SDS-PAGE. 

P roximity lig ation assay 

A proximity ligation assay was performed using the Duolink
In Situ PLA kit (Sigma-Aldrich), following the manufacturer’s
instructions with a few modifications accordingly to reference
( 30 ,31 ). In brief, cells were washed with ice-cold PBS and pre-
extracted with CSK buffer (10 mM PIPES, pH 6.8, 100 mM
NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.5%
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Triton X-100) for 10 min on ice and then, cells were fixed with
4% paraformaldehyde (PFA) for 15 min. In case of PLA with
S9.6 antibody, cells were treated with RNase solution (0.1%
BSA, 3 mM MgCl 2 , 1:200 RNase T1, 1:200 shortcut RNase
III in PBS) for 1 h at room temperature. Subsequently, cells
were washed with PBS and blocked with the Duolink block-
ing solution at 37 

◦C for 1 h. Primary antibodies were diluted
in the Duolink antibody dilutant and incubated at 4 

◦C for
overnight. On the following day, cells were washed with PBS
and incubated with the diluted PLA probe (anti-mouse and
anti-rabbit) at 37 

◦C for 1 h. Cells were then washed twice
with pre-warmed PLA washing buffer A and incubated with
the ligation mix for 30 min. Finally, cells were incubated with
the amplification mix for 100 min at 37 

◦C and washed with
pre-warmed PLA washing buffer B. Cells were mounted with
DAPI-containing Vectashield mounting medium (Vector lab)
and detected using a fluorescence microscope (Eclipse Ti2,
Nikon). PLA intensity was quantified using ImageJ and an-
alyzed by Prism software. 

mRNA quantification 

The RNA was extracted using the RNeasy Kit (Qiagen) fol-
lowing the manufacturer’s recommendations. The isolated
total RNA was reverse-transcribed into cDNA using the
High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems). Various mRNA abundances were quantified us-
ing quantitative reverse transcription-polymerase chain re-
action (qRT-PCR) with specific targeting primers. Detailed
information for qPCR primer sequences is described in
Supplementary Table S1 . 

DNA-RNA hybrid immunoprecipitation (DRIP) assay

The DNA-RNA hybrid immunoprecipitation (DRIP) assay
was performed as described in ( 32 ) using the S9.6 antibody.
Briefly, cells were harvested using trypsin-EDTA and resus-
pended in TE buffer. Subsequently, cells were lysed with 50
μl of 20% SDS and 5 μl of protease K (20 mg / ml) at 37 

◦C
overnight. On the following day, the lysates were precipitated
with phenol / chloroform / isoamyl alcohol (25:24:1) and puri-
fied genomic DNA (gDNA) was digested with a cocktail of re-
striction enzymes at 37 

◦C overnight. After enzyme digestion,
gDNA precipitated using phenol / chloroform / isoamyl alcohol
and ethanol method. For the negative control, the digested
gDNA was incubated with RNase H enzyme (NEB) at 37 

◦C
for 3 h and precipitated using phenol / chloroform / isoamyl al-
cohol and ethanol. The appropriate amount of digested gDNA
was incubated with S9.6 antibody at 4 

◦C overnight and incu-
bated with protein A / G beads at 4 

◦C for 2 h. The samples
were analyzed by qPCR using a specific primer, and primer
sequences are detailed in Supplementary Table S1 . 

Chromatin immunoprecipitation (ChIP) assay 

The ChIP assay was performed using SimpleChIP® Enzymatic
Chromatin IP Kit (Cell Signaling) according to the manufac-
turer’s protocol. Briefly, cells were crosslinked for 10 min with
1% PFA and then quenched with glycine. Subsequently, cells
were lysed in ChIP lysis buffers A and B and subjected to son-
ication. The samples were centrifuged, and the supernatants
were incubated with the primary antibody at 4 

◦C for 18 h.
The antibody-bound proteins / DNA were then pulled down
with protein A / G beads and eluted with a ChIP elution buffer.
Eluted protein / DNA was digested with protease K, and the
resulting purified DNA was analyzed by quantitative PCR 

(qPCR) for both input and ChIPed DNAs. Detailed primer 
sequences are provided in Supplementary Table S1 . 

5-EU incorporation assay 

The global RNA transcription was measured using the Click- 
it RNA Imaging kit (Invitrogen). The newly synthesized 

RNA was labeled with 5-ethynyl uridine (5-EU) for 10 min 

and rinsed in cold medium and PBS before fixation in 2% 

paraformaldehyde (PFA). 5-EU incorporation was stained fol- 
lowing the manufacturer’s instructions and visualized using a 
fluorescence microscope (Eclipse Ti2, Nikon). Intensity was 
calculated using ImageJ. 

Recombinant protein purification from Sf9 cell 

The Sf9 cells were cultured in SF-900 III SFM medium (In- 
vitrogen) at 28 

◦C and transfected with EXO1-bacmid DNA 

using Cellfectin II reagent (Invitrogen). After 5 days, the 
baculovirus-containing supernatant was harvested and in- 
fected into new Sf9 cells. For protein purification, cells were 
collected and lysed with NETN lysis buffer (25 mM Tris–
HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM DTT,
1% NP-40, 0.1% Triton X-100, protease inhibitor cock- 
tail, and 1 mM PMSF). The lysate was sonicated 3 times 
(10s pulse ON / OFF), and soluble protein extracts were in- 
cubated with Glutathione-Sepharose 4B resins. GST-resins 
were washed with NETN buffer, and bound proteins were 
eluted by elution buffer containing reduced glutathione (50 

mM HEPES, pH 7.5, 100 mM NaCl, 30% glycerol, 0.03% 

Triton X-100, 40 mM reduced glutathione). The purified 

proteins were analyzed by SDS-PAGE and visualized by 
Coomassie brilliant blue staining (Bio-Rad). MRE11 pro- 
teins were purified, as referred ( 33 ). pDEST20-MRE11 and 

pACEBac1-Rad50 were transformed into DH10Bac E . coli 
and transfected into Sf9 cells using Cellfectin II reagent 
(Invitrogen), respectively. Each baculovirus was amplified 

through 2–3 rounds by the usual method. Upon isolation 

of MRE11 proteins, MRE11-expresing baculovirus was in- 
fected into Sf9 cell along with Rad50-expressing baculovirus 
and subjected to pulldown using Glutathione-Sepharose 4B 

resins. 

In vitro R-loop cleavage assay 

For the R-loop cleavage assay, substrate oligonucleotides were 
synthesized as described with minor modification ( 34 ). Briefly,
non-labeled DNA oligonucleotides were combined with 5 

′ - 
Cy3-labeled RNA or DNA at a molar ratio of 1.5:1 with an- 
nealing buffer (20 mM Tris–HCl, pH 7.5, 10 mM MgCl 2 , 2 

mM DTT and 50 mM KCl). Then the 100 nM oligonucleotide 
mixtures were heated at 95 

◦C for 2 min and allowed to cool 
down to room temperature overnight. The synthesized sub- 
strates (50 fmol) were incubated with recombinant MRE11 

or EXO1 proteins in NEB buffer 4 at 4 

◦C. The reactions were 
terminated by stop buffer (2% SDS, 20% glycerol, 0.1 mM 

EDTA, 5 mg / ml proteinase K, and 0.05% bromophenol blue,
xylene cyanol) and further incubated for 10 min at 37 

◦C. Sam- 
ples were separated using an 18% native PAGE and were sub- 
sequently detected with Cy3 using a ChemiDoc (Bio-Rad). Im- 
age quantification was performed with ImageJ and normalized 

against the control. The sequences of these oligonucleotide 
substrates are as follows: 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
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A : 5 

′ -(Cy3) AGCT A TGACCA TGA TT ACGAA TTGC-3 

′ 

B : 5 

′ -(Cy3) A GCUA UGA CCA UGA UUA CGAA UUGC-3 

′ 

C : 5 

′ -GCAATTCGT AA TC ATGGTC ATAGCTTTTTTTT
TTTTTTTTTTTTT-3 

′ 

D : 5 

′ -GGGTGAA CCTGCA GGTGGGCTTTTTTTTTT
TTTTTTTTTTTTTTTTGGT AGAA TTCG 

GCAGCGTC-3 

′ 

E: 5 

′ -GACGCTGCCGAATTCTACCAGCAATTCGT AA T
C ATGGTC ATAGCTGCCC ACCTGC A 

GGTTCACCC-3 

′ 

nalysis of data from publicly available databases 

raction of Genome Altered data from The Cancer Genome
tlas (TCGA) were analysis from cBioportal. The GSE13911
ataset was acquired from Gene Expression Omnibus (GEO)
nd the expression analysis were using GEO2R tool. KAT2B
xpression data from TCGA were acquired from U ALC AN
ancer data analysis portal ( https://ualcan.path.uab.edu ). 

uantification and statistical analysis 

he intensity for dot blot assay and fluorescence image were
easured by ImageJ. Graphs were generated and statistical

nalyses were performed using Prism software. One-way anal-
sis of variance (ANOVA) was used when comparing more
han two groups, followed by the Dunnett multiple compar-
son test. Comparisons between the two groups were made
ith the student’s t -test or Mann–Whitney test as indicated.
igure legends include P -values, sample size, and experiments
ere repeated at least 3 times using biologically independent.

esults 

CAF expression is downregulated in various 

uman cancers 

revious studies have shown that the dynamics of histone
cetylation are closely linked to important cellular functions,
ncluding DNA replication, DNA repair, and RNA transcrip-
ion ( 35–37 ). Likewise, the histone acetyltransferase PCAF
lays a significant role in regulating oncogenes and tumor
uppressors by acetylating histones and transcription factors,
hich ultimately affect cancer progression ( 38–40 ). To inves-

igate the potential importance of PCAF, we first analyzed the
xpression pattern of KAT2B (PCAF) in the Cancer Genome
tlas samples using the U ALC AN ( https://ualcan.path.uab.
du/index.html ) database. Pan-cancer analysis indicated that
mong the 24 cancers, KAT2B expression was significantly
ownregulated in most cancers (Figure 1 A). Using the cBio-
ortal platform, we found that KAT2B (PCAF) expression was
ccompanied by genome alterations in multiple cancers, in-
luding gastric, breast, colon, and ovarian cancer (Figure 1 B).
he fraction of genome altered represents the percentage of

he genome affected by copy number gains or losses due to
enome instability. These results suggest that reduced KAT2B
PCAF) levels may be involved in the genomic integrity of var-
ous human cancers. 

CAF depletion triggers endogenous DNA damage 

o investigate the role PCAF plays regarding genome in-
egrity, we generated PCAF knockout (KO) U2OS cells
 Supplementary Figure S1 A). PCAF can act as a coactiva-
or of several transcriptional activators that are involved in
cell growth and development ( 21 ). Therefore, we investi-
gated the role of PCAF in transcription using the 5-ethynyl
uridine (5-EU) incorporation method (Figure 1 C). Consis-
tent with previous findings, we observed that 5-EU incor-
poration was significantly reduced in PCAF KO cells, indi-
cating that loss of PCAF was correlated with disturbance
of transcription. We hypothesized that disrupted transcrip-
tion processes in PCAF-deficient cells might lead to intrinsic
DNA damage even in the absence of external DNA-damaging
agents. To test this hypothesis, we assessed DNA damage
levels after treatment with the transcription inhibitor trip-
tolide, which is known to induce collapse of the transcrip-
tion bubble and degrade RNA polymerase II ( 41 ). Tran-
scription inhibition by triptolide treatment was confirmed
by 5-EU incorporation through quantification of de novo
RNA synthesis ( Supplementary Figure S1 B). As expected, in-
creased DNA breaks in PCAF KO cells were remarkably sup-
pressed by transcriptional inhibition (Figure 1 D). Taken to-
gether, these data indicate that DNA damage that occurs due
to PCAF depletion requires the presence of active transcription
bubbles. 

PCAF depletion induces R-loop accumulation 

During transcription, RNA polymerase binds to template
DNA and synthesizes an RNA strand. Occasionally, the
nascent RNA product can hybridize with the template DNA
strand, forming an R-loop composed of an RNA / DNA hy-
brid and displaced non-templated DNA ( 2 , 42 , 43 ). Since the
accumulation of aberrant R-loops during transcription has
been shown to cause DNA breakage ( 44–46 ), we postulated
that this might be the underlying cause of DNA damage re-
sulting from PCAF depletion. To investigate our hypothesis,
we performed immunofluorescence and DNA–RNA immuno-
precipitation (DRIP) assays using wild-type (WT) and PCAF
KO cells with the S9.6 antibody, which is known to recog-
nize R-loops ( 47–49 ). First, we quantified nuclear S9.6 signals
across multiple cell panels. The nuclear S9.6 signal was ob-
served in PCAF KO cells both in nucleoli and non-nucleoli
regions, as indicated by the nucleoli marker (Figure 1 E). We
prominently observed the cytoplasmic S9.6 signal, suggest-
ing that may originate from mitochondria and / or cytoplas-
mic RNA / DNA hybrids released by damage DNA ( 27 ,50 ).
To check this hypothesis, we performed immunofluorescence
(IF) experiments using the GFP-RNase H mutant. We found
that the cytoplasmic RNA / DNA hybrids were increased in
PCAF KO cells ( Supplementary Figure S1 C and D) which
means that the damaged DNA were released to cytoplasm in
PCAF KO cells. To confirm R-loop accumulation at specific
β-actin loci, which are previously reported R-loop prone sites
( 28 ), we carried out the DRIP-qPCR assay in U2OS WT and
PCAF KO cells. The R-loop levels were significantly increased
in the indicated β-actin loci, and these signals were diminished
by RNase H enzyme treatment ( Supplementary Figure S1 E).
Importantly, we found that R-loop accumulation by PCAF
loss was effectively suppressed by treatment with triptolide
( Supplementary Figure S1 F). We also checked the R-loop ac-
cumulation in different cell lines because the U2OS cell has an
alternative lengthening of telomere (ALT). R-loops are formed
at telomeric regions due to the transcription of telomeric
repeat-containing RNA (TERRA) ( 51 ). TERRA RNA can in-
vade telomeric dsDNA and form telomeric R-loop structures.
To check whether this R-loop accumulation is dependent on

https://ualcan.path.uab.edu
https://ualcan.path.uab.edu/index.html
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
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Figure 1. KAT2B (PCAF) is suppressed in human cancer, which accelerates genomic inst abilit y. ( A ) The pan-cancer analysis in the UALCAN database 
sho w ed KAT2B expression in different cancers. ( B ) Fraction of Genome Altered in TCGA Gastric, Colon, Breast, Ovarian cohort. Black bars indicate the 
median and statistical significances were analyzed by t wo-t ailed unpaired t -test. **** P < 0.0 0 01. ( C ) Loss of PCAF suppresses the transcription 
process. The transcription level was confirmed by nascent 5-EU incorporation, and 5-EU intensity was normalized to the mean of the U2OS WT value. 
R epresentativ e images are shown in the left panel and quantification in the right panel (from > 100 cells). *** P < 0.001. The scale bar indicates 10 μm. 
( D ) Loss of PCAF triggers DNA breaks in a transcription-dependent manner. U2OS WT and PCAF KO cells were treated with transcription inhibitor 
(Triptolide; 1 μM, 3 h) and DNA breaks were monitored by neutral comet assay (left panel). Tail moments were calculated, and statistical analysis was 
perf ormed b y the Mann–Whitne y test (right panel). The black bar indicates the median from > 100 cells. **** P < 0.0 0 01. Scale bar indicates 100 μm. ( E ) 
PCAF deficiency induces R-loops. R-loop le v els w ere determined using immunofluorescence (IF) with S9.6 antibody (left panel). Nuclear S9.6 intensity 
was quantified by ImageJ and normalized to U2OS WT (right panel). The black bar indicates the median from > 100 cells. **** P < 0.0001. Scale bar 
indicates 5 μm. ( F ) IF images and quantification of WT and PCAF KO cells stained with S9.6 (green) and RNase H1 (mCherry). Diminution of the nuclear 
S9.6 signal by RNase H1 (RNH1) overexpression confirmed the signal specificit y. Dat a analysis was performed as in Figure 1 E. **** P < 0.0 0 01. ( G ) DNA 

breaks in PCAF KO cells were generated by R-loop accumulation. DNA breaks were measured by neutral comet assay and representative images are 
shown in the left panel. Data was analyzed by the Mann–Whitney test for significance. Black bars indicate the median from > 100 cells. **** P < 0.0001. 
The scale bar indicates 100 μm. ( H ) PCAF-mediated R-loop accumulation leads to genome instability. PCAF-deficient cells were analyzed for micronuclei 
formation in the presence or absence of RNase H1 (RNH1). Data represent the mean ± S.E.M. Scale bar indicated 5 μm. 
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ERRA, we checked the R-loop accumulation in non-ALT cell
ines like RPE and MRC5. The R-loop accumulation and DNA
amage were increased in PCAF knock down RPE and MRC5
ells ( Supplementary Figure S2 A–F). 

The results showed that PCAF depletion triggers R-
oop accumulation in cells, potentially causing endogenous
NA damage. Notably, the S9.6 antibody recognizes both
NA / DNA hybrids and double-stranded RNA (dsRNA)

 52 ,53 ). To eliminate the possibility of this antibody detecting
sRNA, we introduced the R-loop-resolving enzyme RNase
1 into PCAF KO cells and then detected R-loop levels using

mmunofluorescence. Overexpression of mCherry-RNase H1
RNH1) removed the nuclear R-loop signal in PCAF KO cells
Figure 1 F and Supplementary Figure S3 A). Furthermore, we
alidated these results using the S9.6 dot blot assay. Genomic
NA (gDNA) was purified from U2OS WT or PCAF KO

ells and measured by dot blot assay with the S9.6 antibody.
hese S9.6 signal were also sensitive to RNase H (RNH) en-
yme treatment ( Supplementary Figure S3 B). The disappear-
nce of the R-loop signals following RNase H1 overexpres-
ion or RNase H enzyme treatment confirmed that it was a
enuine R-loop signal. To directly establish that DNA dam-
ge and reduction of transcription rate were due to R-loop
ormation, we overexpressed RNase H1 in PCAF KO cells to
liminate the accumulated R-loops. We found that cells over-
xpressing RNase H1 exhibited fewer DSBs, as evidenced by
 neutral comet assay (Figure 1 G) and the transcription rates
ere restored to normal levels ( Supplementary Figure S3 C).
dditionally, RNase H1 overexpression effectively inhibited
icronuclei formation induced by DNA breaks (Figure 1 H),

hereby providing strong evidence that DNA damage re-
ulting from PCAF depletion can be attributed to R-loop
ccumulation. 

Transcriptional dysfunction can impede replication fork
rogression, causing collisions that collapse forks and induce
NA damage ( 54 ). Persistent R-loops formation induce un-

egulated transcription upon PCAF depletion led us to hypoth-
size that DNA damage arose from collisions with the repli-
ation machinery. To test this, we used the proximity ligation
ssay (PLA) to detect RNA pol II-PCNA interactions, indicat-
ng conflicts between transcription and replication. The PLA
s a well-established in situ technique for detecting protein-
rotein interactions ( 55 ). PCAF knockout cells exhibited PLA
oci ( Supplementary Figure S3 D and E), suggesting that dereg-
lated transcription from PCAF loss causes DNA damage via
ranscription-replication collisions. 

CAF localizes to R-loop accumulated sites 

ext, we sought to understand PCAF’s involvement in R-loop
esolution by examining its localization at R-loop accumula-
ion sites. To achieve this, we employed customized proximity
igation assay (PLA) ( 30 ). We modified this approach to iden-
ify the interaction between R-loops and R-loop-interacting
roteins using S9.6 and PCAF antibodies. We observed that
o PLA foci were present in the S9.6-only or PCAF antibody-
nly groups. However, the S9.6 / PCAF group exhibited nu-
erous PLA foci, suggesting that endogenous PCAF is prox-

mal to R-loop accumulation sites ( Supplementary Figure 
3 F). Moreover, we confirmed this PCAF localization us-
ng R-loop immunoprecipitation (IP) ( 28 ). After extracting
nd sonicating the chromatin fraction, R-loop-interacting
roteins were immunoprecipitated using the S9.6 antibody
after RNase A trimming ( Supplementary Figure S3 G). We
found that PCAF proteins were exclusively present in S9.6
immunoprecipitated samples but not in the IgG control
( Supplementary Figure S3 H). These data demonstrate that
endogenous PCAF closely localizes to R-loop accumulation
regions. 

The recruitment of MRE11 / EXO1 is necessary for 
PCAF at R-loop sites 

Aberrant R-loops are regulated by nucleases, helicases, and
FA proteins. Nucleases degrade RNA or DNA within R-loops
( 16 , 56 ), helicases unwind R -loop structures ( 14 , 57 , 58 ), and
FA proteins suppress R-loops with RNA processing factors
( 4 ,59 ). To gain insight into the molecular mechanisms by
which PCAF participates in R-loop resolution, we conducted
a series of double depletions targeting PCAF along with one
of the R-loop resolving enzymes (i.e. MRE11, EXO1, CtIP,
SETX and FANCD2). The knockdown efficiency of the indi-
cated siRNAs was confirmed using qRT-PCR ( Supplementary 
Figure S4 A). Subsequently, we assessed DNA breaks using
a comet assay. As expected, the single depletion of any R-
loop regulating factor increased the DNA damage in U2OS
WT cells (Figure 2 A). However, co-depletion of PCAF with
CtIP, SETX or FANCD2 further elevated the number of DNA
breakages, whereas MRE11- or EXO1-knockdown cells did
not exhibit significant changes in PCAF KO cells compared
with single depletion. Consistent with the comet assay, R-loop
levels remained similar in both single- and double-depletion
trials ( Supplementary Figure S4 B and C). The epistatic effects
on DNA damage suggest that PCAF, MRE11 and EXO1 func-
tion in the same pathway for preventing R-loop accumulation
and the associated DNA damage. 

After identifying MRE11 and EXO1 as participants in
PCAF-mediated R-loop resolution, we investigated whether
PCAF is essential for their recruitment to R-loop accumulation
sites using the R-loop IP assay ( Supplementary Figure S4 D). In
PCAF KO cells, we observed a significant reduction in the in-
teraction between MRE11, EXO1, and R-loops. To further as-
sess the recruitment of MRE11 and EXO1 to the R-loop sites,
we conducted a PLA assay using antibodies against MRE11,
EXO1, and S9.6 antibodies. The recruitment of MRE11 and
EXO1 was notably decreased in PCAF KO cells (Figure 2 B
and C). To examine whether PCAF can actively recruit these
proteins to sites of aberrant R-loop accumulation, we treated
topoisomerase I inhibitor (camptothecin, CPT), inducing the
accumulation of aberrant R-loops on the chromosomes. Un-
der these conditions, we observed a robust increase in MRE11
and EXO1 recruitment, which did not occur in PCAF KO cells.
This finding suggests that PCAF is responsible for recruiting
MRE11 and EXO1, thereby regulating both the normal and
aberrant R-loop levels. 

PCAF-mediated histone acetylation serves as a 

potentially crucial signal in preventing aberrant 
R-loop accumulation 

Given the pivotal role of HAT activity in PCAF-mediated
genome stability ( 11 , 12 , 20 , 60–62 ), we hypothesized that hi-
stone acetylation may be involved in R-loop resolution. We
employed a complement assay in PCAF KO cells using a PCAF
mutant with impaired HAT activity (i.e. YFAA). The con-
served YF amino acids in the HAT domain were mutated to
disrupt the HAT activity ( 63 ) (Figure 3 A and B). PCAF KO

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
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Figure 2. The recruitment of MRE11 / EXO1 is necessary for PCAF at R-loop sites. ( A ) Functional analysis examined the relationship between PCAF and 
R-loop regulating factors. Cells were transfected with indicated siRNAs and then evaluated for DNA breaks by neutral comet assay. Black bars represent 
the median from > 100 cells, with significance assessed by the Mann–Whitney test. **** P < 0.0 0 01, n.s., not significant. Scale bar indicates 100 μm. 
(B, C) R-loop PLA assay with MRE11 ( B ) and EXO1 ( C ) antibodies. U2OS WT and PCAF KO cells were treated with CPT (10 μM, 2 h) and then subjected 
to a PLA assay to assess the physical closeness with the R-loop. The representative images are shown in the left panel, and the relative PLA intensity 
was quantified using ImageJ (right panel). Data were analyzed by the Mann–Whitney test for significance. Black bars indicate the median from > 100 
cells. **** P < 0.0 0 01. The scale bar indicates 5 μm. 
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Figure 3. PCAF-mediated histone acetylation is required to pre v ent R-loop accumulation. ( A ) Diagram of PCAF domain str uct ure. ( B ) Site-specific 
mutation of PCAF HAT domain (PCAF YFAA) for inhibiting acetylation activity. ( C ) Comet assay of PCAF KO cells expressing GFP-PCAF WT or catalytic 
inactive mutant (YFAA). PCAF KO Cells were transfected with GFP-tagged PCAF WT or YFAA, and DNA breaks were analyzed by neutral comet assay 
(left panel, quantified in the right panel). Statistical analysis of DNA breaks was carried out using the Mann–Whitney test (from > 100 cells). 
**** P < 0.0 0 01. n.s., not significant. The scale bar indicates 100 μm. ( D ) Acetylation activity of PCAF is necessary for R-loop resolution. GFP-PCAF WT 
and YFAA were transfected into PCAF KO cells and then stained with S9.6 / GFP antibodies. The nuclear S9.6 intensity was measured using ImageJ, and 
statistical analysis was performed by the Mann–Whitney test (from > 100 cells). **** P < 0.0001. n.s., not significant. Scale bar indicates 5 μm. ( E ) 
Western blotting for endogenous PCAF and H4K8ac after R-loop IP. U2OS WT and PCAF KO cells were harvested and immunoprecipitated with the S9.6 
antibody. PCAF and H4K8ac le v els w ere detected in the input and R-loop IP samples. IgG w as used as IP control. ( F ) Ev aluation of the H4K8ac le v els in 
the R-loop site. PLA assay between S9.6 and H4K8ac was performed after CPT (10 μM, 2 h) treatment, and the relative PLA intensity was calculated by 
ImageJ. Data was analyzed by the Mann–Whitney test, and the black bar indicated the median from > 100 cells. **** P < 0.0001. Scale bar indicates 
5 μm. 
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cells were complemented with both PCAF WT and YFAA mu-
tant, and we then assessed the levels of DNA damage and R-
loop accumulation (Figure 3 C and D). We found that while
PCAF WT successfully restored DNA integrity and reduced
R-loop accumulation, cells expressing the YFAA mutant con-
tinued to exhibit R-loop accumulation and DNA breakage,
indicating endogenous DNA damage. These results strongly
suggested that PCAF-mediated histone acetylation is critical
for R-loop resolution. In our previous study, we demonstrated
that PCAF acetylates H4K8 to recruit MRE11 and EXO1 at
stalled replication forks ( 20 ). Based on this finding, we hy-
pothesized that PCAF directly acetylates H4K8 at R-loop sites
to recruit nucleases. To test this hypothesis, we assessed H4K8
acetylation levels at the R-loop sites using R-loop IP with S9.6
antibodies. Our observations revealed the downregulation of
H4K8ac levels at R-loop sites in PCAF KO cells, despite the
H4K8ac levels were not significantly reduced in the input sam-
ple (Figure 3 E). Moreover, following treatment with topoiso-
merase I inhibitor (CPT), sites with aberrant R-loop accumu-
lation on chromosomes also exhibited increased H4K8 acety-
lation (Figure 3 F). Taken together, histone H4K8 acetylation
by PCAF was markedly increased in the context of R-loop ac-
cumulation, indicating its potential role as a crucial signal for
R-loop resolution. 

H4K8 acetylation promotes the recruitment of 
MRE11 and EXO1 at R-loop region for R-loop 

resolution 

To investigate how H4K8ac recruits MRE11 and EXO1 to
the R-loop sites, we initially generated a binding mutant of
H4K8ac for MRE11 and EXO1 (Figure 4 A and E). In our pre-
vious study, we found that MRE11 and EXO1 directly bind
to H4K8ac via their DNA-binding and PIN domains, respec-
tively ( 20 ). Using these mutants, we investigated the recruit-
ment of both WT and H4K8ac binding mutant of MRE11 or
EXO1 to the R-loop sites. To prevent dimerization with en-
dogenous proteins, we established knockdown cell lines for
MRE11 or EXO1 using shRNA targeting their untranslated
regions (UTRs). The efficacy of this knockdown was con-
firmed by western blotting ( Supplementary Figure S5 A and
B), and we also confirmed that the WT and mutant forms of
MRE11 or EXO1 were ectopically expressed in these shRNA-
mediated knockdown cells ( Supplementary Figure S5 C and
D). We next set out to determine the recruitment of H4K8ac
binding mutant to the R-loop sites. Therefore, we investigated
whether the binding activity of H4K8ac is a requisite factor
for the assembly of MRE11 / EXO1 in the R-loop region. To
address this question, we performed co-immunoprecipitation
experiments using S9.6 antibody in MRE11- or EXO1-
deficient cells with WT or mutant overexpression. Interest-
ingly, H4K8ac binding mutants (MRE11- �1, EXO1- �PIN)
were not recruited to the R-loop region, whereas WT was en-
riched in the R-loop region (Figure 4 B and F). Similar results
were obtained by the PLA assay, which showed that H4K8ac
binding mutants exhibited impaired binding to aberrant R-
loops following CPT treatment (Figure 4 C and G). Thus, we
measured R-loop levels in WT and H4K8ac binding mutant-
complemented cells using a dot blot assay (Figure 4 D and H).
As anticipated, MRE11 or EXO1 WT effectively suppressed
R-loop accumulation, whereas this accumulation was still ob-
served in the H4K8ac binding mutant, similar to endogenous
MRE11 and EXO1 KO cells. These data suggest the signifi-
cance of H4K8ac binding to MRE11 and EXO1 in resolving 
the R-loops. Therefore, we speculate that these nucleases must 
bind to the PCAF-generated histone mark, H4K8ac, to main- 
tain their normal association and activity at R-loop sites. 

The nucleolytic activity of EXO1 is dispensable for 
R-loop resolution 

MRE11 and EXO1 play dual roles since they provide both 

catalytic and structural functions in facilitating DNA repair 
during DNA DSBs. Their catalytic activity involves the di- 
rect resection of broken DNA for efficient homologous re- 
combination (HR) repair, as demonstrated in previous stud- 
ies ( 64–66 ). Their structural activity promotes HR repair 
through interactions with helicase proteins like BLM ( 67 ),
by binding to WRN ( 68 ), or by activating the Fanconi ane- 
mia (FA) pathway ( 69 ). Although the catalytic activity of 
MRE11 is not required for resolving R-loops ( 16 ), the role 
of EXO1 in this context remains unknown. To assess the im- 
portance of the catalytic activity of EXO1 for R-loop res- 
olution, we compared R-loop accumulation in cells overex- 
pressing WT or catalytic mutant. Prior to this test, we ver- 
ified the relative activity levels of the catalytic mutants us- 
ing a nuclease assay ( Supplementary Figure S6 A–D). we en- 
gineered a catalytic-dead mutant (CM) for MRE11 (H129N) 
and EXO1 (D173A) using site-directed mutagenesis, and pu- 
rified recombinant proteins for both WT and CM forms of 
MRE11 and EXO1. Specifically, MRE11 was purified by uti- 
lizing the MRE11-Rad50 complex to assess its protein ac- 
tivity ( 33 ) and the purified proteins were confirmed using 
Coomassie Brilliant Blue staining ( Supplementary Figure S4 A 

and C). We then performed a nuclease assay on a 3 

′ -overhang 
double-stranded DNA (dsDNA) oligonucleotide conjugated 

with 5 

′ -Cy3. The results showed that WT proteins for MRE11 

and EXO1 efficiently cleaved the 20-nt dsDNA, whereas cat- 
alytic mutants (CM) exhibited a complete absence of nuclease 
activity ( Supplementary Figure S4 B and D). Subsequently, we 
transfected the WT and CM forms of MRE11 and EXO1 into 

shRNA-mediated knockdown cells ( Supplementary Figure 
S6 E and G) and conducted a dot blot assay to assess R-loop 

resolution using catalytic activity. The findings indicated that 
EXO1 catalytically dead mutant also removed the accumu- 
lated R-loop, similar to WT. These results showed that the 
catalytic activity of EXO1 is not necessary for R-loop resolu- 
tion, like MRE11 ( Supplementary Figure S6 F and H). Further- 
more, we investigated the nucleolytic activities of MRE11 and 

EXO1 against double-stranded DNA (dsDNA), RNA / DNA 

hybrids, and R-loops ( Supplementary Figure S7 A and B). To 

conduct this experiment, we synthesized 5 

′ -Cy3-conjugated 

dsDNA, RNA / DNA hybrid, and R-loop. MRE11 and EXO1 

efficiently cleaved both dsDNA and RNA / DNA hybrid sub- 
strates, with substantial and complete degradation observed 

after 30 and 90 min, respectively. However, there was no ob- 
servable degradation of the R-loop substrate by 30 or 90 min 

after incubation. These findings suggest that, while catalytic 
activity is dispensable for R-loop resolution, structural activity 
may be important for MRE11- and EXO1-mediated R-loop 

resolution. 

PCAF recruits Fanconi anemia (FA)-associated 

helicases to the R-loop site 

MRE11 and EXO1 collaborate with helicases and FA pro- 
teins involved in the DSB repair pathway, and these heli- 
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Figure 4. MRE11 and EXO1 were recruited to R-loop sites through binding to H4K8ac. ( A ) Schematic illustrations of MRE11 WT and mutant (H4K8ac 
binding mutant; � 1). ( B ) Analysis of the interaction with the R-loop was conducted using MRE11 WT or mutant (H4K8ac binding mutant; � 1). 
MRE11-deficient cells were transfected with SFB-NLS-MRE11 WT and mutant ( � 1), f ollo w ed b y immunoprecipitated with S9.6 antibody. T he input and 
IP samples were detected using Flag and H4K8ac antibodies. ( C ) PLA assays were conducted between S9.6 and Flag-MRE11. Cells were transfected 
with SFB vectors for 24 h and changed with the new medium. Cells were further incubated and treated with DMSO or CPT (10 μM, 2 h) before PLA 

assa y. R elativ e PLA intensity w as analyz ed using the Mann–Whitne y test, and the black bar indicates the median from > 10 0 cells. **** P < 0.0 0 01, 
*** P < 0.001, ** P < 0.01. The scale bar indicates 5 μm. ( D ) H4K8ac binding activity of MRE11 is required for R-loop resolution. R-loop levels were 
analyz ed b y dot blot assa y against anti-S9.6 and quantified. Parallel ssDNA dot blots pro vided a loading control, and the S9.6 signal w as normaliz ed to 
ssDNA le v el and EV control. Statistical significances were analyzed by a t wo-t ailed unpaired t -test (mean ± S.E.M.). **** P < 0.0 0 01. ( E ) Domain diagram 

of EXO1 WT and H4K8ac binding mutant ( � PIN). ( F ) R-loop IP was performed for EXO1 WT and mutant (H4K8ac binding mutant; � PIN). EXO1-depleted 
cells were transfected with SFB-NLS EXO1 (WT or mutant) and harvested for R-loop IP. The recruitment of EXO1 to R-loop sites was observed using 
western blotting against anti-Flag and anti-H4K8ac. ( G ) PLA assay was performed in EXO1-deficient cells and analyzed as in Figure 4 C. ( H ) The R-loop 
le v els w ere assessed using a dot blot assa y . EXO1 -depleted cells w ere transfected with the indicated SFB v ectors and analyz ed as in Figure 4 D. 
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cases and FA proteins may be involved in resolving R-loops.
For example, helicase FANCM has been proposed as a di-
rect effector of R-loops, since it has demonstrated the capa-
bility to unwind them in vitro ( 70 ). FANCM functions as
an anchor and is essential for nuclear localization of BLM
following replication stalling ( 71 ). Since BLM, another heli-
case, has been shown to affect R-loop accumulation ( 13 ), these
proteins are clearly important for R-loop resolution. Previ-
ously, Chang et al. demonstrated the essential role of the MRN
complex in recruiting FANCM and BLM to R-loop-prone sites
independent of its catalytic activity ( 16 ). However, the role of
EXO1 in recruiting these proteins remains unknown. To un-
derstand how EXO1 influences the recruitment of FANCM
and BLM to R-loops, we performed chromatin immunopre-
cipitation and quantitative real-time PCR (ChIP-qPCR) to
demonstrate that the binding of FANCM and BLM to R-
loop-prone loci ( β-actin , BTBD19 , TFPT ) ( 16 ,28 ) when either
MRE11 or EXO1 was depleted (Figure 5 A–D). The FANCM
and BLM protein levels are not altered by MRE11 and EXO1
knockdown ( Supplementary Figure S7 C). These results indi-
cate that both MRE11 and EXO1 are required for efficient
recruitment of FANCM and BLM to R-loop sites. In addition,
our findings suggest that PCAF might affect FANCM / BLM
recruitment via the MRE11 and EXO1 axis. To further un-
derstand how PCAF mediates FANCM / BLM recruitment to
R-loops via MRE11 and EXO1, we conducted PLA and ChIP-
qPCR assays to evaluate FANCM / BLM recruitment to R-
loops in PCAF KO cells. The PLA assay revealed decreased
recruitment of FANCM and BLM at R-loop accumulation
sites in both DMSO- and CPT-treated PCAF KO cells (Fig-
ure 5 E and F). Furthermore, the recruitment of these proteins
to R-loop-prone sites ( β-actin , BTBD19 , TFPT ) was also re-
duced in PCAF KO cells (Figure 5 G–J). Taken together, these
results highlight the critical role of the PCAF-MRE11 / EXO1-
FANCM / BLM axis in R-loop resolution. 

PCAF can remove pathogenic R-loops in BRCA1- or 
SETX-depleted cells 

Excess accumulation of R-loops has been observed in vari-
ous human diseases, including neurological disorders and can-
cer ( 72 ,73 ). The latter is not surprising, since R-loops are
known to contribute to genome instability and replication
stress, which are two characteristic features of tumor cells
( 74 ). Well-known tumor suppressor genes, such as BRCA, are
known to undergo extensive mutations in various cancers, in-
cluding breast, ovarian, gastric, and pancreatic cancers ( 75–
79 ). Heterozygous germline mutations in either BRCA1 or
BRCA2, which impair normal function, significantly elevate
the risk of these cancers, particularly due to the loss of BRCA
WT alleles during tumorigenesis. Consequently, cells depleted
of BRCA1 or BRCA2 are known to accumulate R-loops and
experience R-loop-dependent DNA breakages ( 57 ,80 ). Sen-
ataxin (SETX), an RNA / DNA helicase, has been implicated
in transcriptional regulation and the DNA damage response
by resolving R-loop structures ( 81 ). Mutations in SETX have
also been identified in major neurodegenerative disorders.
For example, dominant mutations in SETX result in a juve-
nile form of amyotrophic lateral sclerosis, known as ALS4,
while recessive mutations are responsible for ataxia, specifi-
cally forms of ataxia associated with oculomotor apraxia type
2 (A OA2) ( 82 , 83 ). SETX knockdown (KD) can increase sig-
nificant DSB-induced R loop-dependent deletions near the site
of the breakage ( 84 ). Finally, AOA2- or SETX-depleted cells 
have also been associated with increased incidence of R-loops 
and DSBs. To investigate whether the PCAF-MRE11 / EXO1- 
FANCM / BLM axis unwinds R-loops under pathological con- 
ditions, we examined the impact of PCAF overexpression on 

R-loop accumulation induced by BRCA1- or SETX-depletion 

in U2OS cells. Dot blot assays and S9.6 IF assays revealed 

increased levels of R-loop accumulation in BRCA1- or SETX- 
depleted cells, while PCAF effectively suppressed R-loop ac- 
cumulation induced by BRCA1 or SETX depletion (Figure 
6 A–D). Conversely, cells overexpressing HAT-deficient mu- 
tant YFAA did not exhibit R-loop suppression (Figure 6 A–
D). Consistent with other data regarding R-loop accumula- 
tion, the comet assay results demonstrated that overexpres- 
sion of PCAF, but not the YFAA mutant, suppressed R-loop- 
mediated DNA breakages caused by BRCA1 or SETX deple- 
tion (Figure 6 E and F). By overexpression of PCAF WT in- 
creased H4K8ac levels in total and R-loop prone sites but 
not YFAA mutant ( Supplementary Figure S8 A–D). Taken to- 
gether, these data indicate that the PCAF-mediated H4K8ac- 
induced MRE11 / EXO1-FANCM / BLM axis is crucial for re- 
solving the pathological R-loop accumulation (Figure 7 ). 

Discussion 

DNA damage events can arise randomly or in a targeted 

manner during mRNA synthesis. In the absence of external 
genotoxic insults, normal transcription can trigger the forma- 
tion of DSBs through R-loop generation ( 85 ). However, the 
pathological accumulation of R-loops results in genome in- 
stability, which in turn contributes to cancer development,
tumorigenesis, cancer progression, and chemoresistance ( 5 ).
R-loop-mediated genome instability has been extensively ex- 
plored in blood cancers, including myelodysplastic syndrome 
and acute lymphoblastic leukemia ( 86 ), and in BRCA defi- 
cient cancers ( 87–90 ). Here, we found that diminished ex- 
pression of PCAF, a HAT protein, in various cancers leads to 

abnormal R-loop accumulation, which suggested that PCAF 

plays a protective role in mitigating transcription-mediated 

endogenous DNA damage. Recent research has indicated that 
DNA DSB repair proteins, such as the MRE11–NBS1–RAD50 

(MRN) complex, inhibit the formation of R-loops and asso- 
ciated DNA damage ( 16 ), which suggests that DSB proteins 
safeguard against endogenous DNA damage during transcrip- 
tion. However, the mechanisms underlying their recruitment 
to sites with accumulated R-loops remain unclear. In this con- 
text, our findings elucidate that histone acetylation by PCAF 

is a critical factor for promoting R-loop suppression and that 
this process occurs via the recruitment of MRE11 and EXO1 

to R-loop accumulation sites. 
Our study reveals that the nuclease activities of MRE11 

and EXO1 are not necessary for the resolution of R-loops.
This conclusion aligns with previous research by Chang 
et al. ( 16 ), which demonstrated that MRE11-mediated resec- 
tion of RNA / DNA hybrids was less effective than DNA / DNA 

hybrids. Another study showed that structure-specific en- 
donucleases, including XPF, XPG, FEN1 or MRE11, reduced 

the induction of γH2AX and 53BP1 foci upon CPT treat- 
ment ( 91 ). We observed that MRE11 did not directly cleave 
R-loop structures, similar to its inability to cleave RNA / DNA 

hybrids efficiently. These findings suggest that the nuclease- 
independent functions of MRE11 contribute to R-loop reso- 
lution. Additionally, we found that EXO1-mediated suppres- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae558#supplementary-data
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Figure 5. PCAF recruits Fanconi Anemia (FA)-associated helicases to the R-loop site. ( A–D ) The recruitment of FANCM ( A and B ) and BLM ( C and D ) was 
analyz ed b y ChIP-qPCR assa y at R-loop prone loci ( β- actin , BTBD1 9 and TFPT ) in MRE11 or EXO1 knoc kdown cells. Data are presented as 
mean ± S.E.M. ( N = 3) and statistical significance is indicated as **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05. (E, F) R epresentativ e images 
and quantification of the R-loop PLA assay. Cells were treated with either DMSO or CPT (10 μM, 2 h), and PLA foci were detected ( E , FANCM; F , BLM). 
R elativ e PLA intensity was analyzed using the Mann–Whitney test, and the black bar indicates the median from > 100 cells. **** P < 0.0001. The scale 
bar indicates 5 μm. (G–J) The recruitment of FANCM and BLM w as analyz ed b y ChIP-qPCR assa y at R-loop prone loci ( β- actin , BTBD19 and TFPT ). ChIP 
assa y s w ere perf ormed in U2OS WT and PCAF KO cells, and immunoprecipitation w as carried out using FANCM ( G and H ) or BLM ( I and J ) antibodies. 
Data are presented as mean ± S.E.M.; N = 3. ** P < 0.01, * P < 0.05. 
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Figure 6. PCAF can remo v e pathogenic R-loops in BRCA1-, SETX-depleted cells. (A, B) Dot blot assays were performed for PCAF WT or YFAA 

o v ere xpressed cells. The R-loop levels were assessed following the knockdown of BRCA1 ( A ) or SETX ( B ) and overexpression of PCAF WT or YFAA. 
R-loop signal was detected using the S9.6 antibody and quantified. The normalization of S9.6 intensity was performed relative to ssDNA levels and 
siCtrl-EV control. Statistical significances were analyzed using a t wo-t ailed unpaired t -test. **** P < 0.0 0 01. *** P < 0.001. ( C, D ) R-loop le v els w ere 
detected by S9.6 IF and quantified. Cells were transfected with siRNA for BRCA1 or SETX and the expression vector for WT or YFAA mutant of PCAF. 
Nuclear R-loops were captured using IF with S9.6 antibody (left panel) and intensity was quantified by ImageJ (right panel). Data represents the median 
from > 100 cells and statistical significance was analyzed by the Mann–Whitney test. **** P < 0.0 0 01. The scale bar indicates 5 μm. (E, F) DNA breaks 
were measured by neutral comet assay after BRCA1 ( E ) or SETX ( F ) knockdown. Cells were transfected with the expression vector for SFB-tagged PCAF 
WT or YFAA mutant with siRNA against BRCA1 or SETX. Tail moments were analyzed by the Mann–Whitney test and black bars represent the median 
from > 100 cells. **** P < 0.0001. The scale bar indicates 100 μm. 
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Figure 7. Model for PCAF mediated R-loop resolution. Histone acetyltransferase PCAF is responsible for acetylating histone H4K8, which facilitates the 
recruitment of MRE11 and EXO1 to R-loop sites. The recruitment of these proteins then leads to the recruitment of Fanconi anemia proteins FANCM 

and BLM, which act as a helicase to unwind the RNA-DNA hybrid str uct ure. The coordinated actions of these proteins, facilitated by PCAF-mediated 
histone acetylation, pre v ent genome instability caused by unresolved R-loops. 
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sion of R-loop formation occurred independently of its nu-
clease function, like MRE11. This observation implies that
both MRE11 and EXO1 may participate in R-loop res-
olution through shared nuclease-independent mechanisms.
However, further investigations are needed to elucidate these
mechanisms and the potential interplay between MRE11 and
EXO1 in this process. 

The elucidation of PCAF’s role in resolving R-loops deep-
ens our understanding of genome stability mechanisms and
opens up promising avenues for therapeutic development. Tar-
geting PCAF and its associated pathways has the potential to
rectify aberrant R-loop accumulation, offering novel strate-
gies to combat diseases linked to genome instability like can-
cer. In this work, we demonstrated that PCAF can remove the
pathogenic R-loops in cells depleted of BRCA1 and SETX, im-
plicating that PCAF activators might be good candidates for
treating R-loop mediated diseases. These insights pave the way
for developing precision therapies aimed at restoring cellular
homeostasis and halting disease progression. By unravelling
the intricate interplay between PCAF, histone acetylation, and
Fanconi anemia proteins in maintaining genome stability, this
study provides a compelling account of the molecular under-
pinnings of cellular health. Shedding light on the mechanisms
governing R-loop resolution advances our fundamental un-
derstanding of genome stability dynamics while also holding
profound therapeutic implications. 
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