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ABSTRACT 

Proper regulation of replication fork progression is 

important for genomic maintenance. Subverting the 

transcription-induced conflicts is crucial in preserv- 
ing the integrity of replication forks. Various chro- 
matin remodelers, such as histone chaperone and 

histone deacetylases are known to modulate replica- 
tion stress, but how these factors are organized or 
collaborate are not well understood. Here we found 

a new role of the OTUD5 deubiquitinase in limiting 

replication stress. We found that OTUD5 is recruited 

to replication forks, and its depletion causes repli- 
cation f ork stress. Thr ough its C-terminal disor dered 

tail, OTUD5 assembles a complex containing F ACT , 
HD A C1 and HD A C2 at replication forks. A cell line 

engineered to specifically uncouple FACT interac- 
tion with OTUD5 exhibits increases in FACT load- 
ing onto chromatin, R-loop formation, and replica- 
tion fork stress. OTUD5 mediates these processes 

by recruiting and stabilizing HD A C1 and HD A C2, 
which decreases H4K16 acetylation and FACT re- 
cruitment. Finall y, proteomic anal ysis re vealed that 
the cells with deficient O TUD5-FA CT interaction ac- 
tivates the Fanconi Anemia pathway for survival. 
Altogether, this study identified a new interaction 

network among O TUD5-FA CT-HD A C1 / 2 that limits 

transcription-induced replication stress. 

GRAPHICAL ABSTRACT 

INTRODUCTION 

Genomic instability is a hallmark of cancer, aging and 

many genetic disorders. Genomic instability can be driven 

by genetic mutations, metabolic alterations or environmen- 
tal str ess. Incr easing evidence suggests that transcription 

can be a significant dri v er of genomic instability, as im- 
proper regulation of the transcriptional process can im- 
pede other crucial DNA processes such as DNA replication 

or repair ( 1 ). Cells have evolved mechanisms to suppress 
transcription-induced genomic aberrations. Transcription- 
r eplication conflicts (abbr eviated as TRCs) are now consid- 
ered to be an important source for instability of common 

fra gile sites (CFSs), breaka ge-pr one chr omosomal loci that 
are intimately connected to genomic aberrations and can- 
cer de v elopment ( 2 ). TRCs can be associated with increased 
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le v els of R-loops, a form of RN A–DN A hybrid with a 

displaced single-stranded DNA, which can cause replica- 
tion fork stalling and DNA breakages ( 3 ). Indeed, a study 

found that aberrant R-loops are major sources of genomic 
instability in human cells ( 4 ). 

Extensi v e studies in the past se v er al y ears have elu- 
cidated se v eral factors tha t modula te R-loop forma tion, 
TRC, or both. These factors include RECQ5 ( 5 ), TOP1 ( 6– 

8 ), THO-SIN3A ( 9 ), BRG1 ( 10 ), INO80 ( 11 ), BMI1-RNF2 

( 12 ), SRSF1-3 ( 13–15 ), RTEL ( 16 , 17 ), BRD4 ( 18 ), PCNA- 
SUMO ( 19 ), ATAD5 ( 20 ), Fanconi Anemia proteins ( 21– 

26 ), BRCA1 / 2 ( 27–33 ), CtIP ( 34 ) and FACT ( 35 ). While 
these factors are clearly crucial in limiting harmful R-loops 
that can compromise genomic stability, how these factors 
are organized spatially or e v en collaborate, remains rela- 
ti v ely unknown. 

FACT ( FA cilita tes C hroma tin T ranscription), a het- 
erodimeric complex composed of SSRP1 (Structure- 
Specific Recognition Protein 1) and SPT16 (Suppressor of 
Ty 16), is a histone chaperone that plays roles during DNA 

replication, transcription, and repair ( 36 ). FACT assists in 

disassembly and assembly of nucleosomes ahead of or be- 
hind the polymerases, respecti v ely. We pre viously showed 

tha t FACT-media ted transcription contributes to a recov- 
ery from a DNA double strand breaks (DSBs), and that 
this activity is antagonized by the OTUD5-UBR5 com- 
plex ( 37 ). To understand the consequence of FACT dereg- 
ulation in a more physiological setting, we used CRISPR 

knock-in cell lines in which FACT is specifically uncoupled 

from OTUD5. These cells exhibit higher loading of FACT 

a t chroma tin, which is associa ted with incr eased r eplica- 
tion stress and transcription-replication conflicts. We found 

tha t OTUD5-media tes the recruitment and stabilization of 
two nuclear histone deacetylases, HDAC1 and HDAC2, 
which balances FACT recruitment and R-loop formations. 
This work uncovers a new mode of regulation that limits 
transcription-induced replication fork stress and offers an 

example of how chromatin remodelers collaborate to pre- 
vent genomic instability. 

MATERIALS AND METHODS 

Cell lines, plasmids and chemicals 

HeLa, 293T and HCT116 cells were cultured in Dul- 
becco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS). HeLa CRISPR-Cas9 

UBR5 KO and OTUD5 KO cell lines were generated 

using the CRISPR-Cas9 plasmid (purchased from Santa 

Cruz Biotechnology) and the Double Nickase (Cas9 D10A) 
OTUD5 KO cell lines were generated using the Double 
Nickase plasmid purchased from SantaCruz. The cells were 
transfected with plasmids and transiently selected with 

puromycin (1 �g / ml) for 48 h and surviving cells were iso- 
lated into single cells and allowed to grow. HeLa and 

HCT116 OTUD5 

D537A knock-in clones and FLAG-SPT16 

knock-in 293T clones were generated by the Genome Engi- 
neering & iPSC Center (Washington Uni v ersity School of 
Medicine) using CRISPR guided by gRNA. Genomic mu- 
tations were verified by sequencing the loci. OTUD5 cDNA 

was cloned into p3xFlag-CMV, pBabe-puro and pGEX 6p- 

1. pyCAG RNaseH1 WT and D210N plasmids were gifts 
from Dr Xiang-Dong Fu through Addgene. Hydroxyurea 

and Aphidicolin were purchased from Fisher Scientific. The 
ATR inhibitor (AZ20) and Bleomycin were purchased from 

Selleck Chemical. MG-132 was purchased from AG scien- 
tific. Cy clohe ximide was pur chased from Mer ck. 

DNA fiber analysis 

Fiber labeling analyses was performed as described previ- 
ously (Jackson and Pombo 1998: PMID: 9508763). Briefly, 
cells were pulsed sequentially with 20 �M CldU and 

100 �M IdU for 30 min each. Cells were harvested, com- 
bined with lysis buffer and spread by tilting the slides. Fol- 
lowing fixation and overnight storage at –20 

◦C, DNA was 
denatured using 2.5N hydrochloric acid for 45 min and 

blocked in 0.1% Triton X-100 / PBS solution with 10% goat 
serum. Str etched DNA fibers wer e stained with primary an- 
tibodies rat monoclonal anti-BrdU (anti-CldU) and mouse 
anti-BrdU (anti-IdU) for 2 h following which slides were 
rinsed and stained with secondary antibodies goat anti-rat 
Alexa Fluor 594 and goat anti-mouse Alexa Fluor 488 for 
1 h. After drying, slides were mounted with Prolong Gold 

and analyzed using fluorescence microscopy. 

Western blots and antibodies 

Cell extracts were run on sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis (SDS-PAGE) gels and then 

transferred to a PVDF membrane (BioRad). Membranes 
were probed with primary antibodies overnight at 4 

◦C, fol- 
lowed by incubation with HRP-conjugated secondary an- 
tibodies (Cell Signaling Technologies) for 1 h. The bound 

antibodies w ere view ed via Pierce ECL Western Blotting 

Substrate (Thermo Scientific). The following primary an- 
tibodies were used: �-SPT16, SSRP1, UBR5, OTUD5, 
HD AC1, HD AC2, HD AC3, HD AC4, MT A, TRAF3, 
53BP1, PCNA, RPA32, p53, �-Actin, V5 and CHD4 rabbit 
or mouse polyclonal antibodies from Cell Signaling Tech- 
nolo gies; �-RN A Pol II (S2-P) rabbit polyclonal antibodies 
from Abcam; �-FLAG mouse monoclonal antibodies from 

Sigma Aldrich; �- �H2AX, S9.6 and �-Tubulin mouse mon- 
oclonal antibodies from Millipore; �-SPT16, �-Cyclin A, �- 
FANCD2 and �-GST mouse monoclonal antibodies from 

Santa Cruz Biotechnologies; and �-H4K16ac rabbit mono- 
clonal antibody from Acti v e Motif. 

RNAi 

Cells were cultured in medium without antibiotics and 

transfected once with 20 nM siRNA (final concentration) 
using the RN AiMAX (Invitro gen) reagent following the 
manufacturer’s protocol. The following siRNA sequences 
were synthesized by QIAGEN: 

UBR5#1 CA GGUAUGCUUGA GAAAUAAU 

UBR5#2 GAA UGUA UUGGAA CAGGCUA CUAUU 

SPT16 A CCGGAGUAAUCCGAAA CUGA 

OTUD5 #1 GGCCGGCUUGGACAAUGAATT 

XPG CUGU ACU AA GGA GAAAUGA 
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The following siRNA sequences were synthesized by 

Bioneer: 

OTUD5 #2 UGACCUUGCUGCAUUCCUU 

FANCD2 UGACCUUGCUGCAUUCCUU 

BRCA1 CUGAAA CCAUA CAGCUUCA 

HDAC1 CUGACAAGCGCA UCUCGA U 

HDAC2 GA CGGAAA CUGA GCUCA GU 

qPCR analysis 

PCR experiments were performed on Applied Biosystems 
QuantStudio3 thermocycler using amfiSure qGreen qPCR 

master mix (GenDEPOT Q5603-001). qPCR r eactions wer e 
set up to a final volume of 50 �l using 15 ng of template 
DNA. The PCR cycles used consisted of a 95 

◦C denatura- 
tion step (15 s), followed by annealing and extension steps (1 

min) a t 60 

◦C . 35 cycles were repeated. Measurements were 
acquired after e v ery cy cle. Quantification was performed us- 
ing delta Ct values of the untreated sample and the exper- 
imental sample for each primer set. Target specificity was 
confirmed by melt curve analysis as well as end point anal- 
ysis. Cq confidence of samples quantified was > 0.98. Fol- 
lowing primer sequences were used: 

FRA3B Central FW 5 ′ - tgttggaa tgttaactcta tccca t -3 ′ 
FRA3B Central Rv 5 ′ - a ta tctca tcaagaccgctgca -3 ′ 
FRA3B Distal Fw 5 ′ - caatggcttaa gca gacatggt -3 ′ 
FRA3B Distal Rv 5 ′ - agtgaa tggca tggctggaa tg -3 ′ 
FRA7H Fw 5 ′ - taatgcgtccccttgtgact -3 ′ 
FRA7H Rv 5 ′ - ggca gatttta gtccctca gc -3 ′ 
FRA16D Fw 5 ′ - gatctgccttcaaagactac -3 ′ 
FRA16D Rv 5 ′ - caaccaccatttctcactctc -3 ′ 
GAPDH Fw 5 ′ - ccctctggtggtggcccctt -3 ′ 
GAPDH Rv 5 ′ - ggcgcccagacacccaatcc -3 ′ 

Immunoprecipitation and mass spectrometry analysis 

293T or HeLa cells stably expressing the transgene (FLAG 

-O TUD5) or transientl y transfected with plasmids grown 

to 70–80% confluency were harvested by scraping. The pel- 
lets were lysed with lysis buffer (25 mM Tris pH 7.4, 0.5% 

NP40, 100 mM NaCl, 0.1 mM ethylenediaminetetraacetic 
acid (EDTA) supplemented with a protease inhibitor cock- 
tail solution) for 10–15 min on ice. The lysates were cleared 

by centrifuging for 30 min at 14 000 RPM, and 10% of the 
supernatant was collected for ‘input’ samples while the re- 
maining volume was incubated overnight with anti-FLAG 

M2 agarose (Sigma Aldrich) at 4 

◦C while rotating. The M2 

beads were washed three times with the lysis buffer before 
elution by boiling at 95 

◦C for 3 min in 1 × Laemli buffer. 
10% SDS gel was used to separate the eluted proteins. Af- 
ter bands containing target protein were excised, the pro- 
teins wer e r educed / alkylated and digested with trypsin in 

the gel band. Peptides were extracted and desalted with 

Ziptip C18 tips. A nanoflow ultra high performance liq- 
uid chromato gra ph (RSL C, Dionex, Sunnyv ale, CA) cou- 
pled to an electrospray bench top orbitrap mass spectrom- 
eter (Q-Exacti v e plus, Thermo, San Jose, CA) was used 

for tandem mass spectrometry peptide sequencing exper- 
iments. The sample was first loaded onto a pre-column 

(2 cm × 100 �m ID packed with C18 re v ersed-phase resin, 
5 �m, 100 ̊A ) and washed for 8 min with aqueous 2% ace- 
tonitrile and 0.04% trifluoroacetic acid. The trapped pep- 
tides were eluted onto the analytical column, (C18, 75 �m 

ID × 25 cm, 2 �m, 100 ̊A , Dionex, Sunnyvale, CA). The 
120-min gradient was programmed as: 95% solvent A (2% 

acetonitrile + 0.1% formic acid) for 8 min, solvent B (90% 

acetonitrile + 0.1% formic acid) from 5% to 15% in 5 min, 
15% to 40% in 85 min, then solvent B from 50% to 90% B 

in 7 min and held at 90% for 5 min, followed by solvent B 

from 90% to 5% in 1 min and re-equilibrate for 10 min. The 
flow rate on analytical column was 300 nl / min. Sixteen tan- 
dem mass spectra were collected in a data-dependent man- 
ner following each survey scan. Both MS and MS / MS scans 
were performed in Orbitrap to obtain accurate mass mea- 
surement using 60 second exclusion for previously sampled 

peptide peaks. Full scan and MS / MS resolution was set at 
70 000 and 17 500, respecti v ely. Protein identifications were 
assigned thr ough Pr oteome Discoverer using the UniPr ot 
Homo sapiens database. Carbamidomethyl (C) was set as a 

fixed modification and acetyl (protein N-terminus) and ox- 
idation (M) were set as variable modifications. Trypsin / P 

was designated as the digestion enzyme with the possibility 

of two missed cleavages. A mass tolerance of 20 ppm (first 
sear ch) / 4.5 ppm (r ecalibrated second sear ch) was used for 
precursor ions while fragment ion mass tolerance was 20 

ppm. All proteins were identified at a false discovery rate 
of < 1% at the protein and peptide le v el. 

Chromatin immunoprecipitation 

Cells were grown to confluency in 10cm dishes, treated with 

indicated conditions, and crosslinked with formaldehyde 
(1.42% final concentration) for 10 min at room temperature. 
Reactions were quenched using glycine (125 mM final con- 
centration) for 5 min. Cells were washed twice using cold 

PBS with 0.5 mM PMSF and then harvested by scraping. 
Collected cells were washed twice by gently resuspending 

with FA lysis buffer (50 mM HEPES–KOH pH 7.6, 140 mM 

NaCl, 1% Triton X-100, 0.1% sodium deoxycholate) with 

Inhibitor proteases cocktail added and allowing 1 min incu- 
bation on ice, followed by high-speed centrifugation. Cells 
were lysed using FA lysis buffer with Inhibitor proteases 
cocktail added and incubating on ice for 10 min, followed by 

8 rounds of sonication with 45% amplitude for 10 s allow- 
ing sample to rest on ice for 1 min between rounds. Lysed 

sample was centrifuged at high speed and 4 

◦C. Supernatant 
was moved to new tube and each sample was normalized 

using the Bradford assay. Input sample was frozen and kept 
a t –20 

◦C . 400 �l of FA buf fers added to the no antibod y 

samples and IP samples were incubated overnight on a ro- 
ta tor a t 4 

◦C . Pr otein A / G agar ose beads were added and 

allowed to incubate in rotator at 4 

◦C for 2 h. Samples were 
then washed using FA buffer 3 times by gently resuspend- 
ing and low speed centrifuga tion. FA buf fer was removed 

without removing A / G beads and 400uL of ChIP Elution 

buffer (1% SDS, 100 mM sodium bicarbonate) was added 

to Input, No Abs, and IP samples and incubated for 1 h on a 

rota tor a t room tempera tur e. Samples wer e then centrifuged 

at high speed and the supernatant was moved to a new tube. 
RNase A was added to each elute at a final concentration 
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of 50 �g / ml and allowed to incubate for 2 h a t 65 

◦C . Pro- 
teinase K was then added to each sample at a final concen- 
tration of 250 �g / ml and allowed to incubate overnight at 
65 

◦C. DNA was then purified by using a PCR purification 

kit (Bioneer) on each sample. 

Immunofluorescence and image quantification 

Cells were seeded in 12-well plates onto coverslips and 

treated with the indicated siRNA and DNA damage treat- 
ments. For UV irradiation, cells were irradiated with 15– 

100 J / m 

2 UVC (UV Stratalinker 2400), depending on the 
type of experiments. For inhibitor treatments, the ATR in- 
hibitor (AZ20, 100 nM) was added to the cells for 12 h prior 
to fixing. Cells were fixed and stained for indicated antibod- 
ies following standard procedures. For rescue experiments, 
cells wer e fix ed and stained with the indicated siRNA for 
72 h prior to fixation, and plasmids were transfected 24 h 

prior to fixation. For cell fixation, coverslips were washed 

twice with ice-cold PBS and fixed for 10 min in the dark with 

cold 4% paraformaldehyde. Fixed cells were permeabilized 

for 5 min with 0.25% Triton X-100 and incubated with pri- 
mary antibodies (diluted in PBS to 1:300–1:500) for 1–2 h 

in the dark, then with secondary antibodies (diluted in PBS 

to 1:1000) for 1 hour in the dark, followed by incubating 

with Vectashield mounting medium containing DAPI (Vec- 
tor Laboratories Inc). For enzymatic digestion by RNase 
H, fixed cells were incubated with RNase H (New England 

Biolabs), which were diluted to 1:50 in 1 × RNase H buffer 
(New England Biolabs), for 5 h at 37 

◦C. Images were col- 
lected by a Zeiss Axiovert 200 microscope equipped with 

a Perkin Elmer ERS spinning disk confocal imager and a 

63 ×/ 1.45NA oil objecti v e using Volocity softw are (P erkin 

Elmer) or were acquired by a Leica DMi8 microscope with 

Leica Application Suite (LAS X) software. All fluorescence 
quantification was performed using ImageJ. Fluorescence 
quantification for S9.6 intensity was performed using Image 
J. All the fluorescence channels of interest were imported 

into Image J to measur e the r elati v e fluorescence intensity 

of manually selected single cells. The raw density measure- 
ments were normalized to an arbitrary value of 10 for the 
highest reading. To count the number of foci in nuclei, full 
color images were split into blue, red, and green; the blue 
and red channels were analyzed. Single cells (blue) were se- 
lected by using ‘Analyze particles’ after choosing nuclei by 

‘Threshold the image’ in blue channel, and the number of 
foci (red) were counted using ‘find maxima’ in the ImageJ. 

Proximity ligation assay 

Proximity ligation assays were performed using the Duolink 

kit from Sigma Aldrich; cells were grown in a 12-well format 
on coverslips. Cells were fixed and permeabilized according 

to the standard immunofluorescence protocol as previously 

described ( 12 ). Primary antibodies were added at a 1:500 

dilution in PBS and incubated for 1 hour at room tempera- 
ture. Proximity ligation assay (PLA) minus and plus probes 
were diluted 1:5 in the provided dilution buffer, 30 �l of 
the probe reaction was added to each coverslip and incu- 
bated for 1 h at 37 

◦C; the coverslips were then washed twice 
with buffer A. The provided ligation buffer was diluted 1:5 

in water, and then, the ligase was added at a 1:30 dilution; 
followed by incubation at 37 

◦C for 30 min before washing 

twice with wash buffer A. The provided amplification buffer 
was diluted 1:5 in water before adding the provided poly- 
merase at a 1:80 ratio, the amplification reaction was left 
at 37 

◦C for 100 min, the reaction was quenched by wash- 
ing twice with buffer B. The coverslips were mounted on 

slides with DAPI containing mounting medium. For EdU- 
PLA, cells were treated with indicated siRNA for 72 h, cells 
were incubated with EdU (final concentration 10 �M) for 
12 min before fixing with 4% paraformaldehyde for 10 min, 
then cells were permeabilized with 0.25% Triton X-100 for 
10 min followed by washing with cold PBS. EdU was con- 
jugated with biotin-azide by the Click reaction. Click re- 
action buffer (2 mM copper sulfate, 10 �M biotin azide, 
100 mM sodium ascorbate) was pr epar ed fr esh and applied 

to the slides for 30 min at room temperature. After two PBS 

washes, cells on the slides were incubated with �-biotin or 
the indicated antibodies diluted in PBS. Cells were washed 

with PBS twice. PLA r eactions wer e performed as described 

above. 

Clonogenic survival assay 

HeLa, HCT116 and U2OS cells were seeded into 24- 
well plates (100 cells per well) and treated with the indi- 
cated siRNAs for 48 h, then treated with the indicated 

drugs with indica ted concentra tions, then allowed to grow 

f or 10–14 da ys. The pla ting ef ficiencies (the number of 
cells that survi v e in the absence of drug treatment) were 
roughly equal between the groups. The cells were fixed 

with 10% methanol, 10% acetic acid solution for 15 min 

at room temperature. After crystal violet staining, the cells 
were dissolved with Sorensen buffer (0.1M sodium cit- 
rate, 50% ethanol), then the colorimetric intensity of each 

solution was quantified using Gen5 software on a Syn- 
ergy 2. Error bars are representati v e of three independent 
experiments. 

Protein purification and in vitro binding assay 

O TUD5 cDN A was cloned into the pGEX-6p vector and 

transformed into the Esc heric hia coli . BL21 strain. Protein 

expression was induced by addition of IPTG at a final con- 
centration of 300 �M for 4 h. Cells were harvested and lysed 

using the ice-cold lysis buffer (150 mM NaCl, 1% Triton, 20 

mM Tris pH 7.4, 0.1% EDTA, supplemented with PMSF 

and protease inhibitor cocktail) while rotating in 4 

◦C. Re- 
suspended pellets were sonicated for three rounds (40 s per 
pulse), and the lysate was cleared by centrifugation (20 000 

RPM for 40 min). Glutathione beads (GE Healthcare) were 
added to the supernatant and incubated by rotating for 2 

h at 4 

◦C. Beads were then washed three times with lysis 
buffer. Purified proteins were mixed with whole cell lysate 
from 293T cell and allowed to incubate for 2 h by rotating 

a t 4 

◦C . Beads were washed with lysis buf fer (25 mM Tris 
pH 7.4, 0.5% NP40, 100 mM NaCl, 0.1 mM ethylenedi- 
aminetetraacetic acid (EDTA) supplemented with protease 
inhibitor cocktail solution), then mixed with 2 × Laemmli 
buffer. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/19/10467/7275006 by U

niversity of South Florida user on 29 February 2024



Nucleic Acids Research, 2023, Vol. 51, No. 19 10471 

RESULTS 

UBR5-OTUD5 complex mitigates DNA replication fork 

stress 

W hile investiga ting the cellular phenotypes of OTUD5 de- 
pletion, we noticed that OTUD5 knockdown causes in- 
cr eased fr equency of 53BP1 foci (Figur e 1 A). This incr ease 
in foci is more pronounced in Cyclin A-negative G1 cells, 
suggesting that these are 53BP1-containing nuclear bod- 
ies, which are outcomes of DNA replication stress. The 
53BP1-NBs are enriched in common fragile sites (CFSs) of 
the genome in the wake of replication stress ( 38 ). Consis- 
tent with this, anti-53BP1 ChIP assa ys f ound that 53BP1 

is enriched at selected CFSs (FRA3B, FRA16D, FRA7H 

are prominent CFSs that become fragile upon replication 

stress in various cell types( 12 )) in OTUD5 knockdown cells, 
compared to control cells (Figure 1 B). Consistent with 

the increased replication stress incurred by OTUD5 deple- 
tion, Proximity Ligase Assays (PLA) showed that single 
strand binding protein RPA is mor e incr eased at nascent 
forks (labeled by EdU) upon OTUD5 depletion (Figure 
1 C). OTUD5 and UBR5 depletion caused increased for- 
mation of micronuclei, which often results from replication 

str ess (Figur e 1 D), and incr eased sensitivity to hydroxyur ea 

(Figure 1 E), another indication of increased replication 

stress. Anti-OTUD5 ChIP assay found that OTUD5 pro- 
teins themselves are enriched in CFSs upon HU treatment 
(Figure 1 F). Consistently, PLA found that OTUD5 and 

UBR5 proteins ar e pr esent at nascent forks, with slight in- 
cr eases upon HU tr eatment (Figur e 1 G). Altogether, these 
results suggest that OTUD5, and its binding partner UBR5, 
are mitigators of DNA replication fork stress. 

UBR5-OTUD5 complex mitigates tr anscription-r eplication 

conflicts 

We hypothesized that the OTUD5-UBR5 complex may mit- 
igate TRCs, based on our previous finding that the OTUD5- 
UBR5 complex regulates DNA double strand break (DSB)- 
induced transcription arrest, and that OTUD5-UBR5 pro- 
teins ar e pr esent at r eplication forks (Figur e 1 G). Using a 

PLA-based readout for TRC ( 4 ), we found that OTUD5 

or UBR5 depletion causes increased proximity of PCNA 

and an elongating form of RN A pol ymerase II (RN A Pol 
II (S2-P)) (Figure 2 A). RNA Pol II (S2-P) is mor e pr esent 
in nascent forks (EdU) upon OTUD5 or UBR5 depletion 

(Figure 2 B), consistently arguing that TRC incidences are 
increased in OTUD5- or UBR5-depleted cells. TRCs are as- 
sociated with increased DN A–RN A hybrids ( 4 ). Consistent 
with this notion, we found that DN A–RN A hybrids are in- 
creased in OTUD5 or UBR5-depleted cells (Figure 2 C), as 
detected by the monoclonal S9.6 antibodies. The le v el of 
DN A–RN A hybrids caused by OTUD5 or UBR5 depletion 

is slightly lower than those caused by SPT16 or FANCD2 

depletion, two conditions known to cause accumulation of 
DN A–RN A hybrids ( 21 , 22 , 35 ). The increased S9.6 signals 
ar e partially r educed by expr essing V5-tagged RNase H1 

(RNH1) in the cells, which pr efer entially r emoves R-loops 
( 39 , 40 ), confirming that a substantial fraction of the S9.6 

signals in these cells r epr esent R-loops. We noticed that 
ov ere xpressing RNH1 itself causes a slight increase in the 

S9.6 signal in control cells, a phenomenon also seen in pre- 
vious literatures - which could be due to increased replica- 
ti v e stress or DNA damage associated with ov ere xpressing 

RNH1 ( 9 , 41 ). To test if the R-loops accumulate in CFSs, 
we performed ChIP assays using the S9.6 antibody and 

found that the R-loops are significantly enriched in selected 

CFSs in OTUD5 or UBR5 CRISPR knockout cells (on av- 
erage 5–6 folds, Figure 2 D). Catal yticall y inacti v e RNH1 

(D210N) can bind to R-loops with increased affinity ( 39 ). 
Anti-V5-RNH1 D210N ChIP indeed showed that the mu- 
tant RNH1 proteins ar e mor e enriched in CFSs in OTUD5- 
depleted cells (Figure 2 E), confirming the results with S9.6 

antibodies. Increased TRCs and R-loop formations can be 
caused by, or lead to, transcription stress, which is reflected 

by increased occupancy of RN A pol ymerases ( 42 ). Consis- 
tent with this notion, anti-RNA Pol II (S2-P) ChIP showed 

an increased presence of RNA Pol II (S2-P) at the CFSs 
in OTUD5 knockdown cells (Figure 2 F). Altogether, these 
da ta suggest tha t OTUD5 and UBR5 mitiga te the incidence 
of TRCs and R-loop formations. 

Uncoupling FACT from OTUD5 leads to replication stress 

We hav e pre viousl y shown that the FACT histone cha p- 
erone, necessary for remodeling nucleosomes to allow for 
transcription, is negati v el y regulated by O TUD5 upon nu- 
clease induction of DSBs ( 37 ). In the study, we identified the 
O TUD5 point m utation D537A as abro gating the interac- 
tion with FACT. The OTUD5 D537A mutation frequently 

occurs in chronic myeloid leukemia (CML) (per Cbiopor- 
tal) within the C-terminal disordered region of OTUD5 

and results in the failure to support DSB-induced tran- 
scription arr est. Inter estingl y, the O TUD5-FACT interac- 
tion also plays an important role in replication stress miti- 
gation, as the OTUD5 D537A mutant did not rescue the G1 

body increase in OTUD5 knockdown cells, while its wild- 
type counterpart did (Supplementary Figure S1). These re- 
sults imply that the mechanisms involved in DSB-induced 

transcription arrest also play roles in the context of repli- 
cation, wherein conflict with transcription can be an ob- 
stacle tha t genera tes replica tion stress. To study the cellu- 
lar consequence of specifically blocking the interaction be- 
tween OTUD5 and FACT (OTUD5 ov ere xpression or com- 
plete knockout causes aberration in cell cycle and apopto- 
sis), we generated a HeLa knock-in (KI) cell line in which 

the D537A mutation is introduced into the genomic loci of 
OTUD5 ( OTUD5 

D537A ) using the CRISPR-Cas9 method 

(Supplementary Figure S2; sequencing information of 
4 clones). 

We first confirmed that the protein le v els of OTUD5, 
UBR5, FACT complex subunits (SPT16, SSRP1) are unaf- 
fected in the OTUD5 

D537A KI cells (Supplementary Figure 
S3). Howe v er, anti-SPT16 co-immunoprecipitation showed 

that the interaction with UBR5 and OTUD5 proteins is lost 
in the KI cells (Figure 3 A). Re v erse co-IP (anti-OTUD5 

IP) consistently found similar results (Figure 3 B). Inter- 
action with TRAF3, a protein known to associate with 

OTUD5, is unaffected in the KI cells, supporting that the 
O TUD5-FACT interaction is specificall y disrupted in these 
clones. Disruption of the OTUD5-SPT16 interaction was 
also confirmed using PLA wherein the PLA signals were 
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Figur e 1. O TUD5 mitiga tes replica tion fork stress. ( A ) OTUD5 knockdown leads to DNA replication stress, as indicated by increased frequency of 53BP1 
foci. HeLa cells were transfected with the indicated siRNAs (20 nM), and 72 h later cells wer e fix ed and co-stained with 53BP1 (green) and Cyclin A (red) 
antibodies. On the right is quantification for 53BP1 foci in Cyclin A negative cells. The experiments were conducted in triplicate. The number of foci is 
counted using ImageJ ( n = 100 in each). ( B ) 53BP1 is enriched at selected CFSs in OTUD5 knockdown cells. (Top) Schematic for Common fragile site and 
primer binding location on FRA3B, FRA7H and FRA16D. (Bottom) qPCR quantification of 53BP1 ChIP in HeLa cells transfected with either control or 
O TUD5 siRN A, the experiments were conducted in triplica te. Sta tistical analysis was performed using ‘one way ANOVA’ (*** P < 0.0005). ( C ) The single 
strand binding protein RPA is increased at nascent forks upon OTUD5 depletion. (Left) Representati v e images of PLA signals between EdU and RPA32. 
The signals are increased in HeLa cells transfected with OTUD5 siRNA. (Right) Quantification of percentage of cells with more than 5 PLA signals, with 
normalization to biotin–biotin signals. The experiment was conducted in triplicate ( n = 50 in each experiment). ( D ) OTUD5 and UBR5 depletion causes 
increased formation of micronuclei. (Left) Representati v e images of increased micronuclei in HeLa cells depleted of OTUD5 or UBR5 by siRNAs. (Right) 
Quantification of the percentage of cells with micronuclei ( n = 100). ( E ) OTUD5 and UBR5 depletion cause increased sensitivity to hydroxyurea. HeLa 
cells were transfected with indicated siRNAs, then 48 h later treated with indicated concentration of hydroxyurea. Cells were incubated for 10 additional 
days, fixed then stained by crystal violet. The staining intensities measured by using Gen5 software on a Synergy 2. Assays were performed in triplicates. 
( F ) qPCR quantification of OTUD5 ChIP in HeLa cells either untreated or treated with hydroxyurea (2 mM) (*** P < 0.0005). ( G ) OTUD5 and UBR5 
proteins are present at nascent forks. (Left) Representati v e images of PLA signals between EdU and OTUD5 or UBR5. HeLa cells were labeled with 50 �M 

EdU for 15mins then treated with or without hydroxyurea for 2 h. (Right) Quantification of the PLA signals per nucleus ( n = 100). 
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Figur e 2. O TUD5 mitiga tes transcription-replica tion conflicts. ( A ) O TUD5 or UBR5 depletion causes increased proximity of PCN A and an elongating 
form of RN A pol ymerase II. Representati v e images of PCN A-RN A Pol II (S2-P) PLA in HeLa cells (left) transfected with indicated siRNAs, and quan- 
tification are shown (right). The experiment was conducted in triplicate (n = 50 in each experiment). ( B ) RNA Pol II (S2-P) is mor e pr esent in nascent forks 
upon OTUD5 or UBR5 depletion. Representati v e images of PLA between EdU and RNA Pol II (S2-P) in HeLa cells transfected with indicated siRNAs 
(left). The percentage (normalized to biotin-biotin signals) of PLA signal positi v e cell is counted and plotted (right). The experiment was conducted in 
triplicate ( n = 50 in each experiment). ( C ) DN A–RN A hybrids ar e incr eased in OTUD5 or UBR5-depleted cells. (Top) Representati v e images of S9.6 (red) 
and V5 immunostaining (green; for the V5-RNH1 transfected cells, S9.6 signals were quantified from V5-positi v e cells only). HeLa cells were transfected 
with indicated siRNAs. After 48 h, cells were transfected with V5-RNase H1 and then incubated for an additional 24 h. Cells were fixed and subjected to 
immunostaining. (Bottom) quantification of nuclear intensity of S9.6 staining ( n = 100 for non-transfected control cells and n = 60 for V5 positi v e cells, 
**** P < 0.0001). ( D ) R-loops are significantly enriched in selected CFSs in OTUD5 or UBR5 knockout cells. ChIP using the S9.6 antibody followed by 
qPCR amplification with the indicated primers shows that R-loop le v el ar e incr eased at CFS in HeLa cells depleted of OTUD5 or UBR5, the experiment 
was conducted in triplicate (*** P < 0.0005). ( E ) Mutant RNH1 proteins are enriched in CFSs in OTUD5-depleted cells. qPCR quantification of RNaseH1 
(D210N) ChIP in HeLa cells transfected with indicated siRNAs. Depleting OTUD5 increases catalytically inacti v e RNaseH1 fold enrichment at CFS, the 
experiment was conducted in triplicate (*** P < 0.0005). ( F ) RNAPII is increased at CFSs in OTUD5 knockdown cells. ChIP using the RNA Pol II (S2-P) 
antibody. HeLa cells were transfected with indicated siRNAs. Following qPCR amplification shows that elongating RNA pol II enriched at common fragile 
sites. The experiment was conducted in triplicate (*** P < 0.0005). 
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Figure 3. Uncoupling the OTUD5-FACT complex leads replication stress. ( A ) FACT interaction with UBR5-OTUD5 proteins is lost in the OTUD5 D537A 

KI cells, as shown using �-SPT16 co-IP. P ar ental HeLa cell and OTUD5 D537A KI cells were harvested and lysed, and anti-SPT16 IP assay was performed. ( B ) 
The re v erse co-IP using �-O TUD5 consistentl y finds similar r esults. Lysate from P ar ental HeLa cell and OTUD5 D537A KI cells wer e subject to anti-OTUD5 
IP. ( C ) Disruption of the OTUD5-SPT16 interaction is confirmed using PLA in OTUD5 D537A KI cells. PLA (anti-OTUD5 + anti-SPT16 antibodies) was 
performed in HeLa cells. The number of PLA was counted and plotted using ImageJ ( n = 50, **** P > 0.0001). ( D ) ChIP using the SPT16 antibody followed 
by qPCR amplification with indicated primers was performed. Enrichment of SPT16 at CFS increase in OTUD5 D537A KI cell, the experiment was conducted 
in triplicate (*** P > 0.0005). ( E ) The OTUD5 D537A KI cells display an increase in micronuclei (MN) and cytoplasmic bridges. Representati v e images of 
micronuclei and ultrafine bridges in OTUD5 D537A KI cell. Knock-in cell harboring D537A point mutation shows increased micronuclei and ultrafine 
bridges (left). Percentage of micronuclei is plotted (right). Cells were counted across three different experiments. ( F ) KI cells exhibit increased formation 
of 53BP1-NBs. (Top) Representati v e images of parental HeLa cell or OTUD5 D537A KI cells stained with 53BP1 and Cyclin A. (Buttom) Quantification of 
53BP1 foci in Cyclin A negative cells ( n = 100). ( G ) An increase of 53BP1-NBs is observed in HCT116 KI clones. (Top) Representati v e images of parental 
HCT116 cell or OTUD5 D537A KI cells stained with 53BP1 (green) and Cyclin A (red). 53BP1 nuclear body is indicated by arrows. (Bottom) Quantification 
of 53BP1 foci in Cyclin A negative cells ( n > 92 in each case). ( H – K ) P ar ental HeLa cell and OTUD5 D537A KI cells were treated with indicated concentration 
of aphidicolin (APH), AZ20, hydroxyurea (HU) and b leomy cin. Cells were incubated for 10 additional days, fixed, then stained using crystal violet. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/19/10467/7275006 by U

niversity of South Florida user on 29 February 2024



Nucleic Acids Research, 2023, Vol. 51, No. 19 10475 

undetectable in the nucleus of KI cells (Figure 3 C). This 
finding was also confirmed in OTUD5 

D537A KI clones gen- 
erated in HCT116 cells (Supplementary Figure S4; sequenc- 
ing information of two HCT116 clones is provided in Sup- 
plementary Figure S5). 

To investigate how the uncoupling of FACT from 

OTUD5 affects FACT function, we performed anti-SPT16 

ChIP to probe the occupation of SPT16 at selected CFS re- 
gions, and found SPT16 to be increased in the OTUD5 

D537A 

cells (Figure 3 D; IgG control is shown in Supplementary 

Figure S6). This result is consistent with our previous find- 
ing that FACT activity, as measured by the deposition rate 
of new histone H2A at DSBs, is increased in OTUD5- 
knockdown cells ( 37 ). Consistently, SPT16-EdU PLA in- 
creases in the KI cells (Supplementary Figure S7). Thus, 
blocking the interaction between FACT and OTUD5 en- 
hances FACT nucleosome remodeling function. 

The OTUD5 

D537A cells display a noticeable increase in 

micronuclei and cytoplasmic bridges (Figure 3 E), which can 

form as a consequence of r eplication str ess. The fr equency 

of MN formation is similar to that of OTUD5 or UBR5 

knockdown cells (Figure 1 D). Consistent with increased 

r eplication str ess, the KI cells exhibited incr eased formation 

of 53BP1-NBs (Figure 3 F). A similar increase of 53BP1- 
NBs was also observed in HCT116 KI clones (Figure 3 G). 
We further found that the KI cells were sensiti v e to the 
DNA r eplication str ess inducers aphidicolin, hydroxyur ea, 
b leomy cin (Figure 3 H–K). The KI clones were also sensiti v e 
to the ATR inhibitor AZ20. Altogether, these results sug- 
gest that specific uncoupling of FACT from OTUD5 leads 
to DNA replication stress. 

Uncoupling of FACT from OTUD5 leads to transcription- 
replication conflicts 

We postula ted tha t the incr eased r eplication str ess in 

OTUD5 

D537A KI cells could be caused by transcription- 
replication conflicts, based on the previous finding that 
FACT-mediated RNA Pol II activity is increased (or dereg- 
ula ted) a t nuclease-induced DSBs w hen O TUD5 is depleted 

( 37 ). Consistent with this notion, elongation of RNA Pol 
II is de-regula ted a t UVC-induced DNA breakage sites in 

the OTUD5 

D537A clones (Supplementary Figure S8). Dereg- 
ulated RNA Pol II activity can cause transcription stress 
and R-loop formations, resulting in DNA replication stress. 
We thus tested whether presence of elongating RNA Pol II 
(S2-P) is increased near nascent fork (marked by EdU) us- 
ing a PLA. We found that, in four KI HCT116 clones, the 
EdU-RNA Pol II (S2-P) signal is drastically increased com- 
pared to wild type (Figure 4 A). The PLA signals were also 

similarly increased in HeLa KI clones (Figure 4 B , repre- 
sentati v e images are shown in Supplementary Figure S9). 
These results could suggest that either increased collisions 
taking place between the replisome and RNAPII (head- 
on), or increased (premature) transcription taking place 
tha t ca tches up behind the forks (co-directional). Aber- 
rant accumulation of DNA–RNA hybrids is associated with 

transcription-replication conflicts ( 4 ). We tested whether R- 
loop formation is increased in CFSs in the KI clones, as 
CFSs are sites where TRCs are prone to occur ( 12 ). Indeed, 
we found an increased DN A–RN A hybrids (detected by the 

S9.6 antibody) at selected CFSs in a KI clone compared to 

wild type (Figure 4 C). These results show that increased oc- 
cupancy of FACT correlates with increased R-loops. Fur- 
ther, anti-S9.6 ChIP also showed that DN A–RN A hybrids 
ar e incr eased in these CFSs upon SPT16 knockdown (Fig- 
ure 4 D); this result is consistent with a previous study show- 
ing that FACT deficiency causes transcription-replication 

conflicts ( 35 ). Altogether, these results suggests that either 
too much or too little FACT activity can cause increase in 

DN A–RN A hybrid le v els. The increased DN A–RN A hy- 
brids could be a result of transcription stress, which can 

be reflected by increased presence of RNA Pol II at chro- 
matin. Consistent with this notion, anti-RPB1 ChIP anal- 
ysis showed increased RNA Pol II presence at CFSs in KI 
clones (Figure 4 E). Imaging of nuclei with the S9.6 anti- 
body showed that the S9.6 signal intensity is generally in- 
creased in the nucleoplasm area of KI clones, which are 
partially reduced by expressing wild type RNH1, suggesting 

that DN A–RN A hybrids are generall y increased in KI cells 
(Figure 4 F). R-loops can be e v entually turned to DNA dou- 
ble strand breaks ( 43 ). We found that the le v els of �H2AX 

foci ar e incr eased in the KI clones (Figure 4 G), and inter- 
estingly, these foci are largely reduced back to control lev- 
els by expressing RNH1 (Figure 4 H). These results suggest 
that increased DSBs formed in these KI clones mainly due 
to aberrant R-loop formations. Previous studies found that 
XPG nuclease mediates conversion of R-loops into DSBs 
( 43 , 44 ). Consistent with these findings, depleting XPG sig- 
nificantly reduced �H2AX foci in KI clones (Figure 4 I). Al- 
together, these results argue that uncoupling FACT from 

OTUD5 results in increased chromatin loading of FACT 

and transcription-replication conflicts. 
To test if deregulation of FACT causes transcription- 

induced replication stress, we performed DNA fiber labeling 

analyses to measure replication fork speeds in OTUD5 

D537A 

KI cells. Analysis of dually labelled replication tracts 
demonstra te tha t elonga tion ra tes ar e r educed in two inde- 
pendent OTUD5 

D537A KI clones (Figure 4 J). Since the KI 
cells exhibit increased R-loops and DSB induction, we ana- 
lyzed fork symmetry using bidir ectional r eplication forks. 
Heightened r eplication str ess can collapse ongoing forks 
into DSBs that is re v ealed by an increased degree of repli- 
cation fork asymmetry. Indeed, we find higher sister fork 

asymmetry in both KI clones compared to control cells 
(Figur e 4 K). Inter estingly, the r educed r eplication fork was 
largely r ecover ed by tr ea ting the cells with cord yceptin, an 

inhibitor of transcription (Figure 4 L, M). These results ar- 
gue that the reduced replication forks were largely due to 

interference by transcription activities. 

OTUD5 regulates FACT activity by recruiting histone 
deacetylases 

To gain mechanistic insights as to how OTUD5 limits 
FACT activity and R-loop formation, we turned our at- 
tention to study the FACT-associated proteins. To isolate 
proteins tha t associa te with the FACT complex proteins, 
we introduced 3xFLAG into the N-terminus of SPT16 

loci in 293T cells using CRISPR Cas9 (Supplementary 

Figur e S10; sequence info). Anti-FLAG immunopr ecipi- 
tation followed by mass spectrometry identified HDAC1 
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Figure 4. Uncoupling the OTUD5-FACT complex increases FACT loading and leads to transcription-induced genomic instability. ( A ) Uncoupling 
of FACT from OTUD5 increases elongating RNAPII in HCT116 cells. EdU-RNA Pol II (S2-P) PLA was performed in parental HCT116 cell and 
OTUD5 D537A KI cells. On the right is the quantification of percent of PLA signal numbering more than 5 with normalization to biotin-biotin. The 
experiment was performed in triplicate ( n = 75). ( B ) Uncoupling of FACT from OTUD5 increases elongating RNAPII in HeLa cells. EdU-RNA Pol 
II (S2-P) PLA was performed in parental HeLa cells and OTUD5 D537A KI cells ( n = 100, **** P > 0.0001). ( C ) Increased DN A–RN A hybrids occur at 
selected CFSs in a OTUD5 D537A KI cells as compared to wild type. qPCR quantification of S9.6 ChIP in parental HeLa cell or OTUD5 D537A KI HeLa cells 
(*** P > 0.0005). ( D ) DN A–RN A hybrids are increased in CFSs upon SPT16 knockdown. qPCR quantification of S9.6 ChIP in HeLa cell transfected with 
control or SPT16 siRNA (*** P > 0.0005). ( E ) Increased RNAPII presence occurs at CFSs in OTUD5 D537A KI clones. qPCR quantification of RNA Pol 
II (S2-P) ChIP in parental HeLa cell or OTUD5 D537A KI HeLa cell (*** P > 0.0005). ( F ) S9.6 signal intensity is increased in the nucleoplasm of KI clones, 
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and HDAC2 peptides, but not other HDAC members (Sup- 
plementary Figure S11). HDAC2 was a notable interac- 
tor, as OTUD5 also interacted with HDAC2 in a recent 
report ( 45 ). Western blot analysis of anti-FLAG-SPT16 

IP confirmed the presence of HDAC1 and HDAC2 pro- 
teins in the eluate (Figure 5 A). HDAC3 and HDAC4 were 
not detectable. Anti-FLAG-OTUD5 IP also co-precipitated 

HDAC1 and HDAC2, suggesting that OTUD5 also in- 
teracts with HDAC1 and HDAC2 (Figure 5 B). Interest- 
ingly, the interaction between SPT16 and the HDAC pro- 
teins ar e indir ectl y mediated by O TUD5; w hile HDAC1 and 

HDAC2 proteins are found in SPT16 IP eluate from wild 

type cells, their presence is lost in OTUD5 

537A cells, along 

with OTUD5 (Figure 5 C). Anti-HDAC1 IP experiment 
consistently found that while SPT16 and SSRP1 are associ- 
ated with HDAC1, their interactions are lost in OTUD5 

537A 

cells (Figure 5 D). Further, PLA detected the interaction be- 
tween SPT16 and HDAC1 in wild type cells, but the signal 
is drastically lost in OTUD5 

537A cells (Figure 5 E), support- 
ing the IP r esults. We pr eviously identified the OTUD5 C- 
terminus disordered region to be required for interacting 

with FACT ( 37 ), but whether this region is sufficient was 
unknown. We thus extended this finding with bacterially 

purified GST-OTUD5 proteins; both full-length OTUD5 

and a C-terminal fragment of OTUD5 (residues 501–571) 
similarly co-purified SPT16 (Figure 5 F), suggesting that 
the C-terminus is sufficient to bind FACT. Interestingly, 
HDAC1 and HDAC2 are also able to interact with the C- 
terminal fragment of OTUD5. These results suggest that 
FA CT and HDA C proteins are associated by tethering to 

the C-terminus of OTUD5. 
One plausible hypothesis as to how OTUD5 regulates 

FACT activity is through recruiting HDAC1 / 2 and in- 
ducing histone deacetylation. Interestingly, a study found 

that in yeast, FACT proteins pr efer entially associate with 

acetylated histones ( 46 ). Although similar mechanism has 
not been reported in human cells, we postulate that hu- 
man FACT proteins may be similarly regulated. First, 
we used PLA to test if the association between SPT16 

and acetylated histone H4K16 –– which is known to oc- 
cur a t replica tion for ks ( 47 ) –– is detectab le, and if so, if 
it is changed upon depleting HDAC1 and HDAC2. We 
found the SPT16 / H4K16-ac PLA signals to be detectable 
and to be eliminated by knocking down SPT16 (Figure 
5 G). The PLA signals ar e incr eased upon co-depleting 

HDAC1 and HDAC2, or depleting OTUD5, albeit to a 

lower degree (Figure 5 G), suggesting that the HDACs neg- 
ati v ely regulate the association between SPT16 and the 
histones. The PLA signal is increased in two KI clones 

in comparison to parental cells (Figure 5 H). This re- 
sult is consistent with the finding that FACT enrichment 
in chromatin is increased in the KI cells (Figure 3 D). 
ChIP assays further found that SPT16 occupancy at CFSs 
is increased in HDAC1 and HDAC2 knockdown cells, 
consistently suggesting that HDAC1 and HDAC2 neg- 
ati v ely regulate the occupancy of FACT at these CFSs 
(Figure 5 I). Furthermore, we found that HDAC1 and 

HDAC2 depletion increases R-loop formation, to a simi- 
lar degree as SPT16 depletion (Figure 5 J), consistent with 

the data that HDAC1 / 2 regulates FACT enrichment at 
chromatin. 

While depleting OTUD5 does not affect the stability of 
FACT subunits, it decreased the stability of both HDAC1 

and HDAC2, in cy clohe ximide-chase analysis (Supplemen- 
tary Figure S12). This result suggests that OTUD5 pro- 
motes stability of the HDAC proteins. The stability of 
HDACs was partially rescued by a proteasome inhibitor 
MG132 (Figure 5 K), and by re-expressing OTUD5 (Fig- 
ure 5 L). These results suggest that OTUD5 pre v ents the 
turnover of HDACs via ubiquitin-mediated proteasomal 
degradation. Altogether, these results suggest that the 
OTUD5-HDAC1 / 2 complex restricts aberrant FACT load- 
ing onto chromatin. 

OTUD5 

D537A cells r equir e r eplication f ork-pr otectiv e pr o- 
teins for survival 

While the OTUD5 

D537A clones exhibit increased replication 

fork stress and reduced ability to form colonies over time, 
they manage to survi v e for weeks in cultures. We reasoned 

tha t survival pa thways (e.g. DNA repair) might be acti- 
vated to help these cells to continue to proliferate. To un- 
biasedl y interro ga te factors or pa thways tha t support the 
growth of these cells, we performed comparati v e phospho- 
proteomic analysis between wild type and the KI clones, 
focusing on SQ / TQ motifs, targets of A TM / A TR kinases 
(Figure 6 A). Amongst many phosphorylations identified, 
phosphorylations of se v eral Fanconi Anemia (FA) proteins 
were notable. The increase in phosphorylation of these sites 
in OTUD5 

D537A KI clones was small (ranging from 1.1– 

1.4 × times the phosphorylation le v els in wild type cells), 
but the increase is consistent throughout the various sites in 

FA proteins. Indeed, f oci f ormation of FANCD2, an indica- 
tor of FA pathway activation, is increased in the KI clones 
(Figure 6 B). Interestingly, pre-treatment of fixed slides with 

RNH1 recombinant enzymes (per the method described in 

( 39 )) almost entirely eliminated the FANCD2 foci in the KI 
cells (Figure 6 C), suggesting that the FANCD2 foci formed 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
which is partially reduced by expressing wild type RNH1. Nuclear S9.6 intensity with V5 positi v e in parental HCT116 cell or OTUD5 D537A KI cell. Cells 
were transfected with V5-RNaseH1, incubated for 24 h. Cells wer e fix ed and tr eated with S9.6 antibody and �-V5 antibody ( n > 70, **** P > 0.0001). ( G ) 
�H2AX foci ar e incr eased in the KI clones. (Left) Representati v e image of �H2AX immunostaining in parental HeLa cell or OTUD5 D537A KI HeLa cells. 
(Right) Quantification of percentage of cells with �H2AX foci numbering more than 5 is plotted ( n = 100). ( H ) Foci are reduced by expressing RNH1. 
Quantification of percentage of cells with �H2AX foci numbering more than 5 is plotted ( n = 50). Cells were transfected with or without V5-RNase H1 
(for the V5-RNH1 transfected cells, S9.6 signals were quantified from V5-positi v e cells onl y). ( I ) Depleting XPG significantl y reduces �H2AX foci in KI 
clones. Quantification of percentage of cells with �H2AX foci numbering more than 5 is plotted ( n = 50). Cells were transfected with control or XPG 

siRNA. ( J ) Replication elongation is reduced in OTUD5 D537A KI HeLa cells. Parental HeLa and indicated OTUD5 KI clones were pulse labeled with 
CldU and IdU for 30 min each prior to DNA fiber analyses. IdU lengths were measured from dual labeled replication tracts and plotted. ( K ) IdU lengths 
wer e measur ed from bidir ectional r eplica tion forks and ra tios are plotted. P values were deri v ed using Kruskal–Wallis one-wa y ANOVA corrected f or 
multiple comparisons using Dunn’s method with P < 0.05 as cutoff. 100 fibers were measured for figure J and at least 60 fibers were measured for figure 
K. ( L – M ) Treatment of transcription inhibitor cor dy ceptin rescues the elongation defect of OTUD5 D537A KI cells (L is for CldU and M is for IdU lengh). 
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Figur e 5. O TUD5-FACT complex mitiga tes replica tion stress through recruiting and stabilizing HDAC1 and HDAC2. ( A ) SPT16 specifically binds 
to HDAC1 and HDAC2. P ar ental 293T cells and FLAG-SPT16 CRISPR KI 293T cells were lysed and anti-FLAG IP was performed. ( B ) OTUD5 
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as a result of increased R-loop formation. FANCD2 foci 
were also increased when OTUD5 or UBR5 is depleted, 
which are reduced by ov ere xpressing V5-tagged RNH1 

(Figure 6 D). As FA proteins are known to promote R- 
loop r esolution, we r easoned that genomic instability of 
the OTUD5 

D537A KI clones would be aggravated in the ab- 
sence of FANCD2. Indeed, depleting FANCD2 increased 

�H2AX, more in KI cells as compared to wild type cells, 
suggesting that FA proteins pre v ent DSB formation in KI 
cells (Figure 6 E). Depleting FANCD2 also reduced the via- 
bility of the KI cells as compared to parental cells, suggest- 
ing that the KI cells depend on the FA pathwa y f or survival 
(Figure 6 F). 

DISCUSSION 

Her ein we r eport a new r egula tory mechanism tha t 
limits transcription-replication conflicts. We found that 
OTUD5, and its binding partner UBR5, are modulators 
of transcription-induced replication fork stress. The role 
of OTUD5 in fork stress mitigation is pinpointed to its 
role in binding to and limiting the activity of the FACT 

histone chaperone. By utilizing cell lines engineered to 

uncouple FACT activity from OTUD5, we showed that 
increased FACT activity causes transcription-replication 

conflicts and R-loop formations. The FACT-limiting activ- 
ity of OTUD5 is, at least in part, due to the recruitment and 

stabilization of the HDAC1 and HDAC2 proteins. Based on 

the data, we propose a model where the OTUD5-HDAC1- 
HDAC2 complex modulates FACT recruitment to nucleo- 
somes by deacetylating them. In this model, OTUD5 traps 
FACT away from its target chromatin, keeping it in inac- 
ti v e state. Although our experimental evidence support that 
H4K16-Ac is a mark that mediates the FACT recruitment 
to chromatin, there may be other acetylation (e.g. H4K12- 
Ac, H4K5-Ac), which are also targets of HDACs, that could 

play roles in mediating the FACT recruitment. Based on 

the data, we propose a model where the OTUD5-HDAC1- 
HDAC2 complex modulates FACT recruitment to nucleo- 
somes by deacetylating them (Figure 7 ). Interestingly, a re- 
cent report analyzing the proteome of R-loop modulators 
identified OTUD5, UBR5, HDAC1 and HDAC2 ( 48 ), con- 
sistent with our findings. This regulation may be particu- 

larly important in preserving stability of CFSs, where FACT 

activity is known to be enriched ( 49 ). Consistent with the 
roles of Fanconi Anemia proteins in CFS stability ( 50 ) and 

limiting aberrant R-loop formations ( 21 , 22 ), depletion of 
FANCD2 was synthetically lethal with loss of FACT regu- 
lation in the OTUD5 

D537 cells. 
A previous study showed that depleting SPT16 increases 

DN A–RN A hybrids and genomic instability in yeast and 

human cells ( 35 ). DNA breaks accumulated in FACT- 
deficient cells were shown to be transcription-dependent, 
as ov ere xpressing RNH1 largely rescued the genomic in- 
stability caused by FACT deficiency. Genomic instability 

phenotypes of the cell line with ‘high-FACT’ we described 

her e wer e similarly r escued by RNH1 expr ession (Figur es 
2 C, 4 F, H, 5 J, 6 C and D). Importantly howe v er, the de- 
regulated FACT activity did not cause an accelerated repli- 
cation fork, but rather it caused the re v erse (Figure 4 J), un- 
like the case where high TOP1 expression led to lower R- 
loops and accelerated fork speed ( 51 ). Our results argue that 
too much FACT loading also causes aberrant R-loop ac- 
cumula tion and replica tion fork stress and emphasize tha t 
balancing the FACT activity is critical in mitigation of repli- 
cation fork stress. Although we confined our studies to a few 

selected CFS r egions, de-r egulation of FACT may desta- 
bilize transcribed regions in a genome-wide fashion, par- 
ticularly those containing long genes where the chances of 
transcription-replication conflict are higher. We also pro- 
pose that the high-FACT situation we describe mimics can- 
cer cells with high FACT activity ( 52 ). Ther efor e, it is possi- 
ble that such high-FACT cancers may also experience high 

le v els of replication stress and R-loops, and depend on 

genome-stabilizing factors for survival. Further studies may 

enlighten the cryptic regulations that support the survival of 
FACT-dri v en cancers. 

HDAC1 and HDAC2 belong to the class I of histone 
deacetylases (HDACs) that are ubiquitously expressed in 

most mammalian cells ( 53 ). Genetic knockdown or phar- 
macological inactivation of HDAC1 and HDAC2 attenu- 
ates cell growth and induces cell death ( 54 ) – this could be, 
at least in part, due to increased replication stress, as de- 
pleting HDAC1 or HDAC2 was shown to cause replica- 
tion stress ( 47 ). Consistently, HDAC1 and HDAC2 were 
identified to be components of nascent fork proteome ( 55 ), 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
interacts with HDAC1 and HDAC2. 293T cells and stably expressing FLAG-OTUD5 cells were lysed, and anti-FLAG IP was performed with 250U 

benzonase treatment. ( C ) HDAC1 and HDAC2 proteins do not interact with SPT16 in OTUD5 537A cells. Co-IP using anti-SPT16 antibody was performed 
in parental HeLa cells and OTUD5 D537A KI cells. ( D ) SPT16 and SSRP1 interactions with HDAC1 are lost in OTUD5 537A cells. Co-IP using anti-HDAC1 
was performed in parental HeLa cells and OTUD5 D537A KI cells. ( E ) SPT16 and HDAC1 or HDAC2 interact in wild type cells but not in OTUD5 537A cells. 
PLA (anti-HD AC1 or anti-HD AC2 + anti-SPT16 antibodies) was performed in HeLa cells. The experiment was conducted in triplicate. The percentage 
of cells with PLA positi v e is counted and plotted using ImageJ ( n = 100 in each experiment). ( F ) The C-terminus of OTUD5 is sufficient to bind FACT. 
(Top) Schematic of full length OTUD5 a C-terminal truncation. The GST tag is on the N-terminus. (Bottom) GST pulldown, bacterial expression of 
GST-OTUD5 were purified using glutathione beads. The beads were applied to whole cell lysate (WCL) of 293T cells for pulldown. ( G ) SPT16 / H4K16-ac 
PLA signals are eliminated by knocking down SPT16. PLA ( �-SPT16 + �-H4K16ac) was performed in HCT116 cell. Cells were transfected with indicated 
siRNAs and incubated for 72 h. Cells were fixed and used for PLA. Representati v e images (left) and its quantification (right) ( n = 256, *** P > 0.0005, 
**** P > 0.0001). ( H ) The SPT16 / H4K16-ac PLA signal is increased in KI clones. PLA ( �-SPT16 + �-H4K16ac) was performed in parental HCT116 and 
OTUD5 D537A KI cells ( n > 140, **** P > 0.0001). ( I ) SPT16 occupancy at CFSs is increased in HDAC1 and HDAC2 knockdown cells. qPCR quantification 
of SPT16 ChIP in HeLa cells transfected with control or indicated siRNAs (*** P > 0.0005). Cells were incubated for 72 h followed by transfection, then 
fixed and subjected to ChIP, the experiment was conducted in triplicate. ( J ) HDAC1 and HDAC2 depletion increases R-loop forma tion. Representa ti v e 
images (left) and its quantification (right). siRNAs were transfected into HCT116 cells and stained with S9.6 antibody (For the V5-RNH1 transfected 
cells, S9.6 signals were quantified from V5-positi v e cells only) ( n > 70, **** P > 0.0001). ( K ) The stability of HDACs can be rescued by the proteasome 
inhibitor MG132. Cy clohe ximide chase e xperiment was performed in cells transfected with siOTUD5, followed by cy clohe ximide treatment (25 �M, for 
the indicated h) and followed by MG132 treatment (10 �M for indicated time points). ( L ) The stability of HDACs can be rescued by r e-expr essing wild 
type OTUD5. Cy clohe ximide chase experiment was performed using HCT116 cells with transfection of indicated siRNA and plasmid. 
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Figure 6. Fanconi Anemia proteins mitigate R-loop stress induced in OTUD5 D537A KI cells. ( A ) Schematic for phospho-site mass spectrometry. P ar ental 
HeLa cells and two clones of OTUD5 D537A CRISPR KI cells were harvested and extracted peptides were subject to ion chromatograms for relati v e 
quantitation with Skyline software. ( B ) FANCD2 foci are increased in the KI clones. Representati v e images of FANCD2 foci (left) in parental HCT116 
and OTUD5 D537A KI HCT116 cell and its quantification (right) ( n = 32). Cells were seeded on 12-well plates and immunofluorescence were performed after 
24 h. ( C ) RNH1 eliminates FANCD2 foci in the KI cells. Representati v e images of FANCD2 foci (left) in parental HCT116 and OTUD5 D537A KI HCT116 
cells are shown (quantification in right; n = 145 each; see methods). ( D ) FANCD2 foci are increased w hen O TUD5 or UBR5 is depleted. Representati v e 
images of FANCD2 foci (top). HCT116 Cells were transfected with indicated siRNAs then incubated for 48 h. Cells were additionally incubated for 24 h 
after transfection of V5-RNase H1. Quantification of FANCD2 foci in V5-positi v e cell (bottom) ( n > 38). ( E ) FANCD2 pre v ents DSB formation in KI cells. 
Representati v e images show EdU and �H2AX foci in parental and OTUD5 D537A KI cells. Each cell line was transfected with siFANCD2. Graph shows 
quantification of �H2AX foci in EdU positi v e cells ( n = 80, *** P < 0.0005, **** P < 0.00001). ( F ) Clonogenic assay shows that viability of OTUD5 D537A 

KI cells is reduced by depletion of FANCD2. 
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Figure 7. Model. (Top) FACT-dri v en RNAPII elongation is regulated by OTUD5-HD AC1 / 2. HD AC1 / 2-media ted deacetyla tion of nucleosomes reduces 
FACT recruitment and local transcription. (Bottom) Inactivation (or deficiency) of OTUD5 or HDAC1 / 2 causes FACT to be deregulated, leading to 
transcription stress and replication fork collisions. 

which emphasizes the role of HDACs in pr eserving r epli- 
cation fork integrity. HDAC1 and HDAC2 were also iden- 
tified as regulators of DSB-induced transcription silencing 

( 56 ), similar to OTUD5 and UBR5 ( 37 , 57 ). How HDAC1 

and HDAC2 are regulated or spatially organized at the 
str essed r eplication fork has not been well understood. To 

our knowledge, our study, for the first time, has found 

that HDAC1 and HDAC2 form a complex with the his- 
tone chaperone FACT. HDAC1 and HDAC2 can be in- 
tegral parts of multi-subunit gene-r epr essi v e comple xes, 
such as Sin3, NuRD (nucleosome remodeling and deacety- 
lation), or CoREST (co-r epr essor for element-1-silencing 

transcription factor), to regulate local histone acetylation 

and transcriptional r epr ession under various physiologi- 
cal contexts ( 53 ). By forming a complex with FACT and 

OTUD5, the HDAC proteins may serve a specialized func- 
tion a t replica tion forks to limit conflicts with transcrip- 
tion machineries. Further biochemical studies will enlighten 

the pr ecise ar chitectur e of this comple x. Our wor k also 

suggests that FACT recruitment to nucleosomes in human 

cells may be enhanced by histone acetylation, as it is in 

yeast ( 46 ). Our work also identifies OTUD5 as a potential 
deubiquitinase and stabilizer for HDAC1 and HDAC2. It is 
possible that OTUD5’s role in r egulating r eplication str ess 
or TRC could be broader than suggested herein, as OTUD5 

is known to regulate other chromatin remodelers such as 
ARID1A ( 45 ). 

Se v eral factors have been shown to limit aberrant 
R-loop accumulations. These include helicases such 

as SENATAXIN ( 58 ), DHX9 ( 20 , 59 ), DDX47 ( 60 ), 
UAP56 / DDX39B ( 61 ), or Fanconi Anemia proteins 
( 17 , 21–23 , 62 , 63 ). FANCD2, a central platform protein 

in the FA pathway, is increasingl y a ppreciated in its role 
for resolving R-loops. FANCD2 was suggested to recruit 
se v eral proteins that help resolve R-loops, including 

FANCM and RNA processing factors ( 21 , 63 ). MRN 

(MRE11-RAD50-NBS1) complex was also shown to act 
in a linear pathway with FANCD2 in limiting R-loop 

formation ( 62 ). Depleting FANCD2 in the OTUD5 

D537A 

background led to synergistic increase in DSB formation 

and cell death (Figure 6 F), consistent with the role of 
these proteins in limiting R-loops. We previously showed 

that depleting FANCD2 also caused synthetic lethality 

in RNF2-deficient cells ( 12 ). This study also showed that 
R-loops wer e incr eased at r eplication forks in the absence 
of the epigenetic silencers RNF2 or BMI1, leading to fork 

str ess and transcription-r eplication collision. These r esults 
suggest that FA proteins act as uni v ersal factors that pro- 
mote recovery of stressed replication induced by R-loops. 
We also speculate that cancers that have over expr essed 

FACT may experience increased transcription-induced 

conflicts and R-loop formation and that these cancers 
may depend on the FA proteins for survival. Our finding 

may also provide a new therapeutic avenue for cancer. 
Disrupting the disorder-mediated interactions amongst 
the OTUD5, FACT and HDAC proteins may r epr esent a 

strategy to enhance R-loop stress in cancer cells, particu- 
larly those deficient in the FA pathway. In summary, our 
work identifies a new mode of regulation that limits tran- 
scription and replication conflicts and preserves genomic 
integrity. 
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