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ABSTRACT 

Accurate genome replication is essential for all life 

and a key mechanism of disease prevention, under- 
pinned by the ability of cells to respond to replica- 
tive stress (RS) and protect replication forks. These 

responses rely on the formation of Replication Pro- 
tein A (RPA)-single stranded (ss) DNA complex es, y et 
this process remains lar gel y uncharacterized. Here, 
we establish that actin nuc leation-pr omoting factors 

(NPFs) associate with replication f orks, pr omote ef- 
ficient DNA replication and facilitate association of 
RPA with ssDNA at sites of RS. Accordingly, their 
loss leads to deprotection of ssDNA at perturbed 

f orks, impaired ATR activ ation, global replication de- 
fects and fork collapse. Supplying an excess of RPA 

restores RPA foci formation and fork protection, sug- 
gesting a chaperoning role for actin nucleators (ANs) 
(i.e. Arp2 / 3, DIAPH1) and NPFs (i.e, W ASp, N-W ASp) 
in regulating RPA availability upon RS. We also dis- 
cover that �-actin interacts with RPA directly in vitro, 
and in vivo a h yper -depolymerizing �-actin m utant 
displays a heightened association with RPA and the 

same dysfunctional replication phenotypes as loss 

of ANs / NPFs, which contrasts with the phenotype of 
a h yper -polymerizing �-actin m utant. Thus, we iden- 
tify components of actin polymerization pathways 

that are essential for preventing ectopic nucleolytic 

degradation of perturbed forks by modulating RPA 

activity. 

GRAPHICAL ABSTRACT 

INTRODUCTION 

Faithful genome duplication during cell division ensures 
accur ate tr ansmission of genetic information to daugh- 
ter cells. This process relies on the replication of the en- 
tire genetic material during S-phase by thousands of repli- 
cation forks (RFs) emanating from numerous origins of 
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replication. Howe v er, replication is constantly challenged 

by endogenous and exogenous insults that may damage 
RFs ( 1–3 ). To respond to replicati v e stress or to pre- 
vent stalled forks from collapsing into DNA double-strand 

breaks (DSBs), or to ascertain that a mutagenic lesion is re- 
pair ed corr ectly, cells hav e e volv ed intricate genome surv eil- 
lance mechanisms underpinned by the ATR and ATM ki- 
nases ( 2 , 4–5 ). Mutations in genes involved in the DNA 

r eplication and r epair (DDR) pathway lead to human disor- 
ders that clinically manifest in de v elopmental abnormalities 
and cancer, underscoring their importance to human health 

( 1 , 6–7 ). 
A key step in the replication stress response (RSR) is 

the formation of RPA-coated single stranded DNA (RPA- 
ssDNA) complex at sites of RF damage. Replication protein 

A (RPA) is a heterotrimeric complex (RPA1, RPA2, RPA3) 
with essential roles in se v eral aspects of DNA metabolism, 
with conservation from yeast to humans. During DNA 

replication, RPA protects ssDN A transientl y formed at per- 
turbed forks against nucleolytic degradation and serves as 
a platf orm f or r ecruitment and r egulation of se v eral DDR 

factors, including ATR ( 8 , 9 ). Interestingly, work in yeast 
Sacchar om y ces cer evisiae (Sc) and Xenopus showed tha t 
cells acti v ely control the ability of RPA to associate with 

ssDNA, suggesting an importance of this process for DNA- 
associated transactions and genome stability ( 10 , 11 ). In- 
deed, d ysregula tion of RPA expression has been implicated 

in tumour pro gression, chemothera py-resistance, or DN A- 
damage tolerance ( 12–14 ). Accordingly, we have recently 

identified a novel function for the Wiskott-Aldrich syn- 
dr ome pr otein (WASp), a regula tor of ARP2 / 3-media ted 

actin nucleation, in promoting the assembly of RPA- 
ssDNA complexes in cis via its direct interaction with 

RPA ( 15 ). Interestingly howe v er, se v eral other factors in- 
volved in actin dynamics, for example N-WASp (nucleation- 
promoting factor, NPF) or ARP2 / 3 and Formins (actin nu- 
cleators, ANs) have all been shown to participate in a range 
of responses essential for genome maintenance, including 

DNA r eplication, centromer e maintenance, or DSB r epair 
( 16–23 ). 

Here we find that besides WASp, another member of 
the NPF family, N-WASp, as well as the ANs ARP2 / 3 

and DIAPH1, collecti v ely r eferr ed to hence after as 
(NPF / ANs), ar e r ecruited to RFs and function to fa- 
cilitate the formation / stability of RPA-ssDNA complexes 
and safeguard genome duplication. Consequently, their 
loss triggers defecti v e ATR acti va tion, global RF d ys- 
function and genome instability. Significantly, we discover 
that monomeric actin (G-actin) interacts directly with 

RPA, and cells expressing a hyper-depolymerization �- 
actin (G13R) mutant phenocopy defects associated with 

NPF / ANs loss i.e. impaired RPA f oci f ormation, impaired 

ATR activation and fork stability. In contrast, cells ex- 
pressing a hyper-polymerization �-actin (S14C) mutant 
do not show replication defects, likel y impl ying a more 
direct role of actin polymerisation in RF protection . In 

conclusion, we propose that the association of NPF / ANs 
with perturbed RFs plays a critical role, either directly 

or indirectly through actin state changes, in facilitating 

formation of RPA-ssDNA complexes essential for fork 

protection. 

MATERIALS AND METHODS 

Cell lines and drug treatments 

HeLa cells were a generous gift from Dr F. Esashi. U2OS 

cells and U2OS over expressing RPA (Super RPA) cells 
were a kind gift of Dr L. I. Toledo. These cell lines were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and stan- 
dard antibiotics. Primary dermal fibroblasts were main- 
tained in Dulbecco’s modified Eagle’s medium (DMEM; 
Life Technologies) supplemented with 20% fetal calf serum 

(FCS), 5% L-glutamine, and 5% penicillin-streptomycin 

(Invitrogen) antibiotics. Primary fibroblasts were immor- 
talized with 293FT (Invitrogen)-deri v ed supernatant con- 
taining a human telomerase re v erse transcriptase (TERT) 
lentivirus that was generated with the plasmids pLV- 
hTERT-IRES-hygr o (gift fr om Tobias Meyer; Addgene 
#85140) ( 24 ), psPax2 (gift from Didier Trono; Addgene 
#12260), and pMD2.G (gift from Didier Trono; Addgene 
#12259). Selection was performed with hygromycin (In- 
vitrogen) at 70 �g / ml. Fibroblast complementation was 
carried out using a lentiviral vector (pLVX-IRES-Neo; 
TakaraBio) that encoded 3xHA-tagged DIAPH1 in com- 
bination with the lentiviral packaging plasmids described 

above. Selection was performed with geneticin (Invitrogen) 
at 400 �g / ml. Expression of HA-tagged DIAPH1 was val- 
idated by Western blotting. All cell lines were routinely 

tested for mycoplasma. Cells were treated with hydroxyurea 

(Sigma-Aldrich) with indicated doses. Where indicated cells 
wer e pr e-tr eated with 100 �M ARP2 / 3i (CK-666, Sigma- 
Aldrich) for 1 hour prior to further drug treatment or 
harvesting. 

Plasmids 

Plasmids encoding YFP NLS Beta-Actin, YFP NLS 

Beta-Actin S14C and YFP NLS Beta-Actin G13R were a 

gift from Primal de Lanerolle (Addgene plasmid # 60613; 
http://n2t.net/ad dgene:60613; RRID:A d dgene 60613; 
Addgene plasmid # 60614; http://n2t.net/addgene: 
60614; RRID:A d dgene 60614; Ad dgene plasmid # 60615; 
http://n2t.net/ad dgene:60615; RRID:A d dgene 60615 re- 
specti v ely) ( 25 ). p11d-tRPA (123) plasmid was a kind gift 
from David Cortez. 

Immunoblotting 

Cell lysis was carried out in urea buffer (9 M urea, 50 mM 

Tris–HCl, pH 7.5, 150 mM �-mercaptoethanol) followed 

by sonication using a soniprep 150 (MSE) probe sonica- 
tor or in RIPA buffer (Sigma-Aldrich), supplemented with 

1 × SIGMAFAST protease inhibitors (Sigma-Aldrich), and 

1xPhosStop phosphatase inhibitors (Roche), on ice for 15 

min followed by centrifugation at 1.2 × 10 

3 rpm for 20 

min followed by collection of supernatant containing cell 
l ysate. Cell l ysates were prepared in SDS loading buffer 
(2% SDS, 10% (v / v) glycerol, 2% 2-Mercaptoethanol and 

62.5 mM Tris–HCl, pH 6.8) followed by boiling at 95 

◦C for 
10 min. Protein concentrations were determined by spec- 
trophotometry using a DeNovix DS-11 FX+ device (DeN- 
ovix) or by the Bradford assay. Samples were resolved by 
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SDS-PAGE and transferred to PVDF or nitrocellulose fol- 
lowed by blocking in 5% low fat milk in 1 × TBS / 0.1% 

Tween-20 for 1 h at room temper ature. Membr anes were 
washed 3 × 5 min in 1 × TBS / 0.1% Tween-20 and incu- 
bated overnight at 4 

◦C in the indicated primary antibod- 
ies in 5% low fat milk in 1x TBS / 0.1% Tween-20. Mem- 
branes were subsequently washed 3 × 5 min in 1 × TBS / 
0.1% Tween-20 and incubated in 5% low fat milk in 1 ×
TBS / 0.1% Tween-20 containing secondary antibodies for 
1 h at room temper ature. Membr anes were subsequently 

washed 3 × 5 min in 1 × TBS / 0.1% Tween-20 and de- 
veloped using Immobilon Western HRP Substrate (Milli- 
pore, WBKLS0S00) and imaged using the Azure C280, 300 

or 600 instruments (Azure biosystems). Primary antibodies 
used were: �-Tubulin (Sigma, B-5-1-2; T5168, 1:100 000), 
MCM2 (Abcam, ab4461, 1:10 000), Lamin-B1 (Santa Cruz, 
sc-30264, 1:1000), N-WASp (Abcam ab187527, 1:1000), 
DIAPH1 (Bethyl, A300-077A-T, 1:1000; Santa Cruz, sc- 
373807, 1:500), CHK1 – phospho S345 (Cell Signalling, 
133D3; 2348, 1:1000), CHK1 (Santa Cruz, sc-8408, 1:1000), 
RP A1 (Abcam ab79398), RP A2 (Abcam ab2175; 1:500), 
Actin (Sigma, A2066, 1:1000), GFP (Roche, 11 814 460 

001, 1:500), SMARCAL1 (Santa Cruz, sc-376377, 1:1000), 
BRCA2 (Millipore, OP-95, 1:500), Secondary antibodies 
used were anti-mouse IgG-HRP (Dako, P0447, 1:2000) and 

anti-rabbit IgG-HRP (Dako, P0448, 1:5000). 

Rapid, efficient and practical (REAP) cellular fractionation 

To fractionate cytoplasmic and nuclear compartments of 
the cell we carried out REAP fractionation as described pre- 
viously ( 26 ). HeLa cells grown to 70–90% confluence in a 

10 cm tissue-culture dish were washed 2 times in ice cold 

1x PBS. Then, 1 ml ice cold PBS was added to a 10 cm tis- 
sue culture dish and cells were scraped and collected in 1.5 

ml microcentrifuge tubes. Microcentrifuge tubes were pulse 
spun for 10 s and the supernatant was discarded. Cell pel- 
lets were then pipetted up and down 5 times in 1 ml ice cold 

0.1% NP-40 / 1x PBS and pulse spun for 10 s in a micro- 
centrifuge. The supernatant was then transferred to a new 

microcentrifuge tube (Cytoplasmic fraction). The cell pel- 
let was then resuspended by pipetting up and down 5 times 
in 1 ml ice cold 0.1% NP-40 / 1x PBS and pulse spun and 

the supernatant was discarded. The nuclear pellet was then 

resuspended in 50 �l of PBS and sonicated for 30 s at 10% 

amplitude using a soniprep 150 (MSE) probe sonicator. The 
protein concentration of the cytoplasmic and nuclear frac- 
tions were then quantified by Bradford assay and processed 

by SDS-PAGE and western blot transfer in advance of im- 
m unoblot anal ysis. 

YFP-NLS- �-actin mammalian expression construct trans- 
fection for immunofluorescence microscopy 

For YFP-NLS- �-actin mammalian expression construct 
transfection, 2 × 10 

5 cells were seeded into a well of a 6-well 
tissue culture plate. Cells were incubated at 37 

◦C for 24 h to 

allow them to adhere. Per condition, 0.75 �g of YFP-NLS- 
�-Actin mammalian expression construct was transfected 

following the Lipofectamine 3000 manufacturer’s protocol. 
Cells were then incuba ted a t 37 

◦C for 24 h and treated with 

hydroxyurea at the indicated doses before harvesting cells 
for down-stream assays. 

Cell survival assay 

Alamar Blue survival assays were performed in accor- 
dance with the manufactur er’s r ecommendations (Bio Rad). 
Briefly, 500 cells per well in 96-well plates were plated and 

untr eated or tr eated with indicated doses of hydroxyurea, 
cis- platin or Mitomycin C and incubated for 7 days. Ala- 
mar blue reagent was added to each well and fluorometric 
measurements taken after 4 h incubation at 37 

◦C. 

RNAi treatment 

Small interfering RNA used in this study were as fol- 
lows: siWASp – 5 

′ -GAGUGGCUGAGUUACUUGC- 
3 

′ and ON-TARGETplus Human WAS siRNA 

smart pool (LQ-028294-00-0005, Dharmacon); siN- 
WASp – ON-TARGETplus Human WASL siRNA 

smart pool (L-006444-00-0005, Dharmacon), 5 

′ - 
CAGCAGAUCGGAACUGUAU-3 

′ (J-006444-07, 
Dharmacon), 5 

′ -UAGAGAGGGUGCUCAGCUA-3 

′ 
(J-006444-08, Dharmacon); siDIAPH1-ON-TARGETplus 
Human DIAPH1 siRNA smart pool (L-010347-00- 
0005, Dharmacon); siRNA targeting luciferase –– 5 

′ - 
CGTACGCGGAATACTTCGA-3 

′ ( 27 ) was used as 
control siRNA. Oligonucleotides were transfected using 

HiPerfect reagent (Qiagen) at 25 nM concentration, 
according to the manufacturer’s protocol. First pulse 
of siRNA was followed with second pulse after 24 h 

and all experiments were performed at maximum knock 

down-efficiency 72 h post first siRNA pulse. 

Immunofluor escence microscop y 

Cells were grown and treated on circular 13 mm diam- 
eter coverslips, thickness 1.5 mm. For visualization of 
53BP1, RAD51 foci and Cyclin A, cells were fixed with 4% 

paraformaldehyde in PBS for 10 min at room temperature, 
washed twice in PBS and permeabilised with 0.2% Triton 

X-100 in PBS for 10 min at room temperature. Coverslips 
were washed 3 × in PBS cells and were blocked in 10% 

FBS in PBS for 1 h a t room tempera tur e befor e incubation 

with primary antibodies in 0.1% FBS in PBS overnight at 
4 

◦C. Coverslips were then washed 4 × 5 min in PBS fol- 
lowed by incubation with secondary antibodies for 1 h at 
room temperature. Slides were then washed 4 × 5 min in 

PBS and subsequently mounted with Vectashield mount- 
ing medium (Vector Laboratories) with DAPI. Micronu- 
clei were quantified by assessing DAPI stained nuclei. For 
visualization of RPA2 foci and BrdU foci cells were pre- 
extracted on ice for 2 min in CSK buffer (10 mM PIPES 

pH6.8, 300 mM sucrose, 100 mM NaCl, 1.5 mM MgCl 2 , 
0.5% Triton X-100), washed with PBS and fixed with 4% 

paraf ormaldehyde in PBS f or 10 min at room temperature. 
Coverslips were then blocked and processed as above. Pri- 
mary antibodies employed for immunofluorescence were 
as follows: 53BP1 (MAB3802, Millipore, 1:1000), Cyclin 

A (ab19150, Abcam, 1:500), RPA2 (NA-18, Calbiochem, 
1:200), RAD51 (ab133534, Abcam 1:500), BrdU (BU-1; 
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RPN202 GE Healthcare Life Sciences 1:200). Secondary 

antibodies for immunofluor escence wer e as follows: Alexa 

Fluor 488 anti-rabbit (A21206, Invitrogen, 1:200) and Alexa 

Fluor 555 anti-mouse (A31570, Invitrogen, 1:400). Images 
wer e acquir ed using a Leica SP8 confocal microscope with 

a 63x oil objecti v e, using a Zeiss Axio Observer Z1 Mari- 
anas ™ Microscope attached with a CSU-W spinning disk 

unit using either a Hamamatsu Flash 4 CMOS camera or a 

Photometrics Prime 95b sCMOS camera built by Intelligent 
Imaging Innovations (3i) or a Zeiss Axio Observer Z1 Mar- 
ianas ™ Microscope attached with a CSUX1 spinning disk 

unit and Hamamatsu Flash 4 CMOS camera built by Intel- 
ligent Imaging Innovations (3i). Quantification was carried 

out using FIJI (ImageJ) software and CellProfiler (Broad 

Institute). 

iPOND 

iPOND was performed as decribed previously ( 28 ). Briefly, 
lo garithmicall y growing HeLa S3 cells (1 × 10 

6 per ml) or 
HEK293TN cells were incubated with 10 �M EdU for 10 or 
15 min respecti v ely. Following EdU labeling, cells were fixed 

in 1% formaldehyde, quenched by adding glycine to a final 
concentration of 0.125 M and washed three times in PBS. 
Collected cell pellets were frozen at −80 

◦C and cells were 
permeabilized by resuspending 1.0–1.5 × 10 

7 cells per ml in 

ice cold 0.25% Triton X-100 in PBS and incubating for 30 

min. Before the Click reaction, samples were washed once in 

PBS containing 0.5% BSA and once in PBS. Cells were in- 
cubated for 2 h at room temperature in Click reaction buffer 
containing 10 �M azide-PEG(3 + 3)- S - S -biotin conjugate 
(Click ChemistryTools, cat. no AZ112-25), 10 mM sodium 

ascorbate, and 1.6 mM copper (II) sulfate (CuSO 4 ) in PBS. 
The ‘no Click’ reaction contained DMSO instead of biotin- 
azide. Following the Click r eaction, cells wer e washed once 
in PBS containing 0.5% BSA and once in PBS. Cells were 
resuspended in lysis buffer (50 mM Tris–HCl pH 8.0, 1% 

SDS) containing protease inhibitor cocktail (Sigma) and 

sonicated. Samples were centrifuged at 14 500 rcf. at 4 

◦C 

for 30 min and the supernatant was diluted 1:3 with TNT 

buffer (50 mM Tris pH 7.5, 200 mM NaCl and 0.3% Triton 

X-100) containing protease inhibitors. An aliquot was taken 

as an input sample. Streptavidin–agarose beads (Novagen) 
wer e washed thr ee times in TNT buffer containing protease 
inhibitor cocktail. Two hundred microliters of bead slurry 

was used per 1 × 108 cells. The streptavidin–agarose beads 
wer e r esuspended 1:1 in TNT buffer containing protease in- 
hibitors and added to the samples, which were then incu- 
ba ted a t 4 

◦C for 16 h in the dark. Following binding, the 
beads were then washed two times with 1 ml TNT buffer, 
two times with TNT buffer containing 1 M NaCl, two times 
with TNT buffer and protein–DNA complexes were eluted 

by incubating with 5 mM DTT in TNT buffer. Cross-links 
wer e r e v ersed by incubating samples in SDS sample buffer 
at 95 

◦C for 20 min. Proteins wer e r esolved on SDS-PAGE 

and detected by immunoblotting using specific antibodies. 
iPOND in ND1 cells was performed as described ( 29 ) 

with some modifications. Briefly, T cells ( ∼80 million cells 
per sample) were incubated with 20 �M EdU in 30 ml cul- 
ture medium at 37 

◦C for 20 min and then washed with fresh 

medium a t 37 

◦C . For HU or thymidine pluse, cells wer e r e- 

suspended either with 30 ml fresh medium at 37 

◦C as the 
control or 4 mM HU or 20 �M thymidine in fresh medium. 
These cells were further cultured at 37 

◦C for another 2 h. 
After labeling / treatments, each cell samples were washed 

with PBS, and crossed-linked in 1% formaldehyde in PBS 

for 20 min at RT, quenched with glycine at the final concen- 
tration of 0.125 M for another 5 min, and washed 2 times in 

PBS. Cell pellets were permeabilized with 10 ml permeabi- 
lizing buffer (0.3% Triton-X / 0.5% BSA in PBS) 30 min at 
RT and washed with 0.5% BSA / PBS. Each cell pellet was 
resuspended in 10 ml PBS as the control, or 10 ml fresh 

pr epar ed Click buffer (10 mM Sodium ascorbate, 2 mM 

CuSO 4 , and 20 �M Biotin-dPEG7-azide) and incubated 

for 1–2 h at room temperature (RT). Cells were washed 

with 0.5% BSA / PBS and then pellets either frozen at -80 

◦C 

or immediately used for lysis. Each cell pellet was resus- 
pended in 0.8 ml lysis buffer (25 mM NaCl, 2 mM EDTA, 50 

mM Tris pH 8, 1% Igepal CA630, 0.2% SDS, 0.5% sodium 

deoxycholate, and 1 × Halt protease and phosphatase in- 
hibitor cocktail (Thermo Fisher)) and incubated for 10 min 

on ice. Samples were sonicated with a Branson 250 using the 
settings, 20–25 W, 20 s constant pulse, and 40 s pauses for 
a total of 4 min on ice. Cell lysates were centrifuged at 1.8 

×10 

3 rcf for 10 min at RT. The supernatants were collected 

and diluted with the dilution buffer (the lysis buffer without 
SDS or sodium deoxycholate). Streptavidin-agarose beads 
(Millipore Sigma) (80 �l / sample) were washed with the di- 
lution buffer 3 times, and then incubated with the diluted 

samples overnight at 4 

◦C. The beads were again washed 3 

times with RIPA buffer. Captured proteins were separated 

from beads by incubating beads in 50 �l 2 × Laemmli Sam- 
ple Buffer (Bio-Rad) at 95 

◦C for 25 min. The supernatant 
was collected, and proteins resolved on 4–15% SDS-PAGE 

and detected by immunoblotting. 

EdU labeling of nascent DNA and proximity ligation assay 

Analysis of the association of proteins to nascent DNA by 

EdU labelling and the Proximity Ligation Assay was car- 
ried out as previously described ( 28 , 30 ). Briefly, cells grown 

on coverslips were labeled with 10 mM EdU for 10 min fol- 
lowed by treatment with 1 mM or 4 mM hydroxyurea at var- 
ious timepoints as indica ted. Fixa tion was carried out with 

3% formaldehyde, 2% sucrose in PBS for 10 min at room 

temperatur e. Slides wer e then washed twice with PBS and 

incubated with blocking solution (3% BSA in PBS) for 30 

min. Following this, slides were washed 2 × in PBS before 
EdU-Biotin Azide conjugation by click chemistry using the 
Click-iT reaction (Click-iT assay kit (Thermo Fisher, ac- 
cording to the manufacturer’s instructions). Coverslips were 
washed 2 × with PBS before primary antibody incubation 

overnight at 4 

◦C in 1% BSA / 0.1% saponin in PBS. Fol- 
lowing primary antibod y incuba tion coverslips were washed 

2 × in PBS and then the proximity ligation assay was car- 
ried out (Duolink In Situ Red Starter kit (Sigma Aldrich) 
according to the manufacturer’s instructions). Coverslips 
were mounted using Vectashield containing DAPI. An- 
tibodies employed for the PLA assay were as follows: 
Biotin (Bethyl Laboratories, A150-109A, 1:3000), (Biotin 

(Jackson Immunor esear ch, 200-002-211, 1:1000), WASp 

(Santa Cruz, sc-5300, 1:500), N-WASp (Abcam, ab187527, 
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1:500), PCNA (Santa Cruz, sc-56, 1:500), PCNA (Abcam, 
ab18197, 1:500) and RAD51 (Sigma Aldrich, PC130) . Im- 
ages were acquired using a Zeiss Axio Observer Z1 Mari- 
anas ™ Microscope attached with a CSU-W spinning disk 

unit using either a Hamamatsu Flash 4 CMOS camera or a 

Photometrics Prime 95b sCMOS with a 63 × objecti v e. Im- 
age analysis was carried out with FIJI (ImageJ) software. 
PLA foci positi v e cells were scored as cell nuclei with equal 
or greater than one PLA foci within them. 

DNA fibre analysis 

DNA fibre assay was performed as described previously 

with some modifications ( 28 , 31 , 32 ). In brief, exponen- 
tially growing cells were first incubated with 25 �M iodo- 
deoxyuridine (IdU) and then with 125 �M chlorodeoxyuri- 
dine (CldU) for the indicated times. Fibre spreads were pre- 
pared from 0.5 × 10 

6 cells / ml. Slides were stained as de- 
scribed previously ( 31 , 32 ). Images were acquired with Le- 
ica SP8 or Carl Zeiss LSM 710 Meta confocal microscope 
using a 63x oil objecti v e. Analysis was performed using the 
Ima geJ software packa ge (National Institutes of Health). A 

minimum of 100 fibres from three, unless stated otherwise, 
independent experiments were scored. Mann–Whitney test 
was used to determine statistical significance. 

qPCR 

RNA extraction and cDNA synthesis were performed us- 
ing the RNeasy mini kit (Qiagen) and High Capacity 

cDNA Re v erse Transcription Kit (Applied Biosystems). 
QPCR analysis was performed with QuantStudio ™ 6 Flex 

Real-Time PCR System (Applied Biosystems) using SYBR 

Green PCR Master Mix (Life Technologies) and the follow- 
ing primers 5 

′ -GTCCTACTTCATCCGCCTTTAC-3 

′ and 

5 

′ -TCGTCTGCAAAGTTCAGCC-3 

′ for WASP and 5 

′ - 
GGCAT GGACTGTGGTCATGAG-3 

′ and 5 

′ -T GCACC 

A CCAA CTGCTTAGC-3 

′ for GAPDH. 

RPA complex expression, purification and in vitro pull down 

RPA comple x was e xpressed from a plasmid (a kind gift 
from David Cortez (Vanderbilt Uni v ersity, Nashville, Ten- 
nessee, US) ( 33 , 34 ) encoding 6xHis-tagged RPA1 (70 kDa), 
tagless RPA2 (32 kDa), and 6xHis-tagged RPA3 (14 kDa) in 

BL21 (D3) E. coli cells for 2 h at 37 

◦C in LB medium with 

100 �M / ml ampicillin after induction with 1 mM IPTG. 
Cells were harvested and lysed in buffer containing 50 mM 

Tris–HCl, pH 8.0, 400 mM NaCl, 1 mM PMSF, 10 �M 

ZnCl 2 , 5% glycerol and protease inhibitor cocktail (Sigma, 
#S8830). Supernatant was applied to a HisTrap HP 5 ml 
column (DE Healthcare) calibrated in 5 volumes of calibra- 
tion buffer containing 20 mM Tris–HCl, pH 8.0, 500 mM 

NaCl, 1 mM PMSF, 10 �M ZnCl 2 and 5% gly cerol. Ne xt, 
the column w as w ashed in 10 column volumes with washing 

buffer: 20 mM Tris–HCl, pH 7.6, 500 mM NaCl, 20 mM im- 
idazole, 10 �M ZnCl 2 and 5% glycerol. Then, the proteins 
were eluted from column with the linear imidazole gradient 
in final concertation as follow, 20 mM Tris–HCl, pH 7.5, 
100 mM NaCl, 300 mM imidazole, 10 �M ZnCl 2 and 5% 

gly cerol. The RPA comple x of three proteins was bound to 

the column and was eluted from it by high imidazole con- 
centration (about 250 mM). The eluate was diluted to bring 

the NaCl concentration down to 50 mM. It was then applied 

to a HiTrap Heparin HP 5 ml column (GE Healthcare) in 20 

mM Tris–HCl, pH 7.5, 50 mM NaCl, 1 mM PMSF, 10 �M 

ZnCl 2 and 5% glycerol, and eluted with 10 volumes of 50– 

1000 mM NaCl linear gradient. The fractions containing all 
thr ee proteins wer e joined together and purified RPA com- 
plex was r ebuffer ed into stora ge b uffer (50 mM Tris–HCl, 
pH 8.0, 100 mM NaCl, 1 mM DTT, 5% glycerol), aliquoted 

and frozen in –80 

◦C. The complex composition was con- 
firmed by western blot using antibodies recognizing His-tag 

peptide and RPA2 protein and by binding RPA complex to 

ssDNA and lack of biding it to dsDNA. Interaction of RPA 

complex with monomeric actin was analysed using G-Actin 

Sepharose beads (Hypermol). Reaction was performed in a 

buffer containing (10 mM Tris–HCl pH7.5, 150 mM NaCl, 
1 mM DTT, 5% glycerol, 0.1% NP-40). Complex es wer e ex- 
tensi v ely washed with IP buffer before elution in 2 × SDS 

sample buffer and subsequently boiled for 3 min followed 

by centrifugation. The resultant supernatant fraction was 
retained as the eluate. 

YFP-NLS- �-actin co-immunoprecipitations 

YFP-NLS- �-actin expression constructs were trans- 
fected into HEK293TN cells using lipofectamine 2000 

(Thermo Scientific) following manufacturer’s instructions. 
HEK293TN cells were harvested 48 h post transfection 

from a 70–80% confluent 15 cm tissue culture dish by 

trypsinisa tion, inactiva tion with serum containing media, 
centrifuga tion a t 1500 rpm f or 5 min, f ollowed by the 
removal of the supernatant. Cells were washed twice in 

phospha te-buf fered saline and lysed in IP buffer 1 (100 mM 

NaCl, 0.2% Igepal CA-630, 1 mM MgCl 2 , 10% glycerol, 
5 mM NaF, 50 mM Tris–HCl, pH 7.5), supplemented 

with SigmaFAST Protease Inhibitor Cocktail, EDTA 

free (Sigma-Aldrich, S8830) and 25 U ml −1 Benzonase 
(Novagen). After nuclease digestion, NaCl and EDTA 

concentrations were adjusted to 200 and 2 mM, respec- 
ti v el y, and l ysates wer e clear ed by centrifugation (16 000 ×
g for 25 min). Lysates were incubated for 1 h with 20 �l of 
agarose binding control beads (ChromoTek), equilibrated 

in IP buffer 2 (200 mM NaCl, 0.2% Igepal CA-630, 1 

mM MgCl 2 , 10% glycerol, 5 mM NaF, 2 mM EDTA 50 

mM Tris–HCl, pH 7.5) to pre-clear. The agarose binding 

control beads were pelleted by centrifugation at 2000 ×
g for 2 min and total protein quantified by the Bradford 

assay. Lysates were then incubated with 20 �l of GFP-Trap 

agarose beads (ChromoTek), equilibrated in IP buffer 2, 
for 2 h with end-to-end mixing at 4 

◦C at a concentration of 
1mg / ml. Complex es wer e washed 4 × in IP buffer 2 before 
resuspension in 2 × SDS sample buffer and elution by 

boiling at 95 

◦C for 10 min. 

String analysis 

Gene accession codes from iPOND analysis 
were input into the multiple protein search func- 
tion of STRING ( https://string-db.org/cgi/input? 
sessionId=b5U7THWxoyjd&input page acti v e form= 

https://string-db.org/cgi/input?sessionId=b5U7THWxoyjd&input_page_active_form=multiple_identifiers
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multiple identifiers ) ( 35 ) with the detected organisms 
selected as Homo sapiens . The network was then exported 

from STRING and imported into Cytoscape (v3.8.2). 
Functional enrichment network analysis was then con- 
ducted using the STRING plug-in, with the network to 

be set as background set to genome. The STRING En- 
richment tab was selected, and the generated network was 
filtered by GO Biological pr ocesses. GO Biological pr o- 
cesses associated with all the actin related processes were 
selected and exported as a new network. The subsequently 

generated network was saved, and the file was uploaded 

to STRING ( https://string-db.org/cgi/input?sessionId= 

b5U7THWxoyjd&input page show search=on ). Acti v e 
interaction sources settings were adjusted to display links 
associated with only experiments and databases. The 
minimum r equir ed interaction scor e was adjusted to high 

confidence (0.700) and the network was updated. GO terms 
GO:0034314 Arp2 / 3 complex-mediated actin nucleation 

and GO:0008154 Actin polymerization or depolymeriza- 
tion were selected in the analysis tab functional enrichment 
biological process list. 

Statistics and reproducibility 

Statistical analyses were done using GraphPad Prism 9 

(GraphP ad Softwar e Inc.) or Microsoft Excel. Unpaired 

Students’ t -test or Mann–Whitney test were used to de- 
termine statistical significance as indicated in the figure 
legends. 

Contact for reagent and resource sharing 

Further information and requests for r esour ces and 

reagents should be directed to the Lead Contact, Wojciech 

Niedzwiedz ( wojciech.niedzwiedz@icr.ac.uk ). 

RESULTS 

NPF / AN family proteins are enriched at perturbed replica- 
tion forks 

To address the possible role of NPF / ANs during nor- 
mal and stressed DNA replication we performed a deep 

mining of our iPOND (isolation of proteins on nascent 
DNA) data set ( 28 , 36 , 37 ) combined with STRING anal- 
ysis ( http://string-db.org ) ( 35 ) performed with or without 
hydroxyurea (HU)-mediated replicati v e stress (RS) in HeLa 

cells. This analysis identified a cluster of proteins involved 

in actin polymerisation, including the ARP2 / 3 complex, 
WASp family proteins, and members of the formin fam- 
ily of actin nucleators (DIAPH1, 2 and 3), but not Spire 
family proteins, the latter known to nucleate actin poly- 
mers directly without ARP2 / 3 (Figure 1 A). We validated 

the presence of these factors at replication forks (RFs) in 

two ways: a) iPOND / Western blot (WB) analysis and b) 
EdU-based proximity ligation assay (PLA), aka quantita- 
ti v e in situ analysis of protein interaction at RFs (SIRF) 
( 15 , 38 , 39 ). Using iPOND / WB analysis we could readily de- 
tect W ASp, N-W ASp, and DIAPH1, as well as RPA2 (con- 
trol) enriched at HU-perturbed RFs in both human T cells 
and HEK293TN cells (Supplementary Figure S1A-C). No- 
tably, a thymidine chase decreased their association with 

nascent DNA as compared to HU treated samples, which 

indica tes tha t these factors ar e likely r ecruited specifically to 

RFs in a RSR-dependent manner ( 29, 40 ) (Supplementary 

Figure S1A–C). Accordingly, utilizing PLA we could also 

readily detect proximity of the NPFs (N-W ASp, W ASp) to 

newl y-synthesised DN A (monitored by EdU labelling of 
nascent DNA marking RFs) in HeLa cells. The nuclear 
PLA signal for N-WASp and WASp was significantly en- 
riched upon HU-induced RS compared to untreated as 
well as control samples (Figure 1 B). Upon 4 mM / 3 h HU 

treatment, which is known to induce replication fork col- 
lapse ( 29, 41 ), we observed a decrease in the PLA signal 
when compared to 1 mM / 1 h. This is consistent with the 
fact that fork collapse leads to dissociation of RF associ- 
ated factors ( 29, 41 ). Finally, thymidine addition resulted in 

a significant decrease in PLA signal between N-WASp or 
WASp and nascent DNA (Figure 1 C), which is in support 
of our iPOND data. To ascertain that the observed phe- 
notype is not restricted to EdU labelling we repeated these 
analyses using an antibody against PCNA –– an established 

marker of RFs. Again, we readily detected association be- 
tween PCNA and N-WASp or WASp (Supplementary Fig- 
ure S1D and E) confirming their proximity to sites of DNA 

replication, which is in line with our recent analysis demon- 
strating WASp localisation to RFs in human T and B cells 
( 15 ). Taken together, these data suggest that members of 
the NPF / AN family of proteins enrich at perturbed RFs in 

human immune and nonimmune cells, malignant or non- 
malignant. 

Deficiency in NPF / ANs prov ok es global replication dysfunc- 
tion 

To address the mechanism by which NPF / ANs manage RS, 
we employed the DNA fibre assay to analyse various aspects 
of str essed DNA r eplication ( 42 , 43 ). Strikingly, r eplicati v e 
stress induced by HU resulted in a significant reduction in 

the average fork velocity in cells transiently depleted of N- 
W ASp, DIAPH1 or W ASp by RNA interfer ence r elati v e 
to WT control (Figure 2 A, Supplementary Figure S2A– 

C). To validate the specificity of siRNA data we recapitu- 
la ted these observa tions using (i) multiple different siRNAs 
against N-WASp or WASp (Supplementary Figure S2D), 
(ii) patient-deri v ed DIAPH1-deficient cell-line and a com- 
plemented control cell line (Figure 2 B), as well as (iii) a 

specific ARP2 / 3 inhibitor (CK-666; Supplementary Figure 
S2E). In addition, loss of W ASp, N-W ASp or DIAPH1 sig- 
nificantly impaired fork restart upon HU treatment (Figure 
2 C). WASp family members function as positi v e regulators 
of ARP2 / 3-media ted genera tion of short branched F-actin 

filaments ( 44 ) whereas formins, of the DIAPH-family, nu- 
cleate long unbranched F-actin filaments ( 45 ). Thus, gi v en 

the striking similarity of the replication phenotypes we ob- 
served in the tested NPF / ANs, we next tested if these fac- 
tors function in a single or parallel pathway(s) to manage 
RS. To this end, we tested the impact on DNA replication 

(measured as fork speed) of either WASp or DIAPH1 de- 
pletion alone or together with an ARP2 / 3 inhibitor un- 
der HU-induced stress. Targeting either WASp or ARP2 / 3 

alone as well as inhibiting both together resulted in a sim- 
ilar replica tion defect, indica ting tha t WASp and ARP2 / 3 

https://string-db.org/cgi/input?sessionId=b5U7THWxoyjd&input_page_active_form=multiple_identifiers
https://string-db.org/cgi/input?sessionId=b5U7THWxoyjd&input_page_show_search=on
http://wojciech.niedzwiedz@icr.ac.uk
http://string-db.org
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Figure 1. W ASp, N-W ASp and DIAPH1 associa te with replica tion forks. ( A ) STRING analysis of iPOND / MS da ta in untrea ted and HU trea ted HeLa S3 
cells. ( B ) Representati v e images and dot plots of the number of N-WASp / Biotin (nascent DNA) and WASp / Biotin (Nascent DNA) PLA foci per nucleus 
in HeLa cells upon HU treatment as indicated (red lines indicate mean values). Dot plots r epr esent data pooled from three independent experiments. 
Statistical significance was determined using the Mann–Whitney test (left panel median values negati v e Ctrl N-WASp ab only [0] n = 524, NT [1] n = 731, 
1 mM / 1 h [2] n = 594, 4 mM / 3 h [2] n = 561; right panel median values Negati v e Ctrl WASp ab only [0] n = 545, NT [0] n = 649, 1 mM / 1 h [1] n = 557, 
4 mM / 3 h [0] n = 620). ( C ) Representati v e images and dot plots of number of N-WASp / Biotin (Nascent DNA) and WASp / Biotin (Nascent DNA) PLA 

foci per nucleus in HeLa cells treated with 1 mM HU for 1 h, followed or not by thymidine chase as indicated (red lines indicate mean values). Dot plots 
r epr esent data pooled from two independent experiments. Statistical significance was determined using the Mann–Whitney test (Left panel median values 
1 mM / 1 h [4] n = 139, 1 mM / 1 h Thy [2] n = 244; right panel median values 1 mM / 1 h [5] n = 1012, 1 mM / 1 h Thy [0.5] n = 1084). 
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A B

C D

Figure 2. W ASp, N-W ASp, ARP2 / 3 and DIAPH1 ar e r equir ed for intact replication dynamics under condition of replicati v e str ess. ( A ) Repr esentati v e 
DNA fibre images and box plots of CldU / IdU tract ratios from HeLa cells treated with control siRNA (–) or siRNA against W ASp, N-W ASp or DI- 
APH1(+) and exposed to 1 mM HU during CldU labelling pulse. W hiskers indica te 5–95 percentile. Box plots r epr esent data pooled from three (siWASp) 
or two (siN-WASp and siDIAPH1) independent experiments. Statistical significance was determined using the Mann–Whitney test (left panel siCTRL n = 

223; siN-WASp n = 218; central panel siCTRL n = 222; siDIAPH1 n = 218; right panel siCTRL n = 311, siWASp n = 282). ( B ) Box plots of CldU / IdU 

tr act r a tios from DIAPH1-deficient pa tient-deri v ed cells treated with 1 mM HU during CldU labelling pulse. W hiskers indica te 5–95 percentile. Box plots 
r epr esent data pooled from three independent experiments. Statistical significance was determined using the Mann–Whitney test (DIAPH1- / -+DIAPH1 
n = 379; DIAPH1- / - n = 374). ( C ). Box plots of CldU / IdU tr act r atios of HeLa cells treated with control siRN A (–) or siRN A against N-WASp, DIAPH1 
or WASp (+). After IdU pulse, cells were exposed to 2 mM HU for 2 h followed by release into CldU for 60 min. Whiskers indicate 5–95 percentile. 
Box plots r epr esent da ta pooled from two independent experiments. Sta tistical significance was determined using the Mann–Whitney test (left panel siC- 
TRL n = 166; siN-WASp n = 64; central panel siCTRL n = 199; siDIAPH1 n = 205; right panel siCTRL n = 204, siWASp n = 198). ( D ) Box plots of 
CldU / IdU tr act r atios from DIAPH1-deficient patient-deri v ed cells treated with CK-666 (ARP2 / 3 inhibitor) (+) or DMSO (–). During CldU labelling 
pulse, cells were exposed to 1 mM HU. Whiskers indicate 5–95 percentile. Box plots r epr esent data pooled from two independent experiments. Statistical 
significance was determined using the Mann–Whitney test ( DIAPH1 −/ −+DIAPH1 n = 210; DIAPH1 −/ −+DIAPH1 + ARP2 / 3i n = 173; DIAPH1 −/ −n = 

245, DIAPH1 −/ −+ARP2 / 3i n = 211). 
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both function in the same pathway to manage RS (Supple- 
mentary Figure S3A). In contrast, inhibition of ARP2 / 3 in 

DIAPH1-deficient cells led to a significantly greater replica- 
tion defect than the defect displayed by DIAPH1-deficient 
cells alone (Figure 2 D), indicating an additi v e effect be- 
tween branched and unbranched actin polymerisation path- 
ways in promoting DN A replication. Taken to gether, these 
data suggest that WASp / ARP2 / 3- and DIAPH1 (formin)- 
mediated actin signalling is r equir ed to facilitate fork stabil- 
ity and global RF dynamics. 

Interfering with actin polymerisation elicits replication- 
associated DNA damage 

Unstable RFs are prone to collapse into single-ended DSBs. 
Thus, to determine the fate of HU-stalled RFs when actin 

nucleation is impaired, we analysed the formation of 53BP1 

foci (a canonical marker of DSB) in cells depleted for ei- 
ther N-W ASp, W ASp or DIAPH1, either in unperturbed 

conditions, after 1 mM / 1h HU treatment (mild RS as- 
sociated with fork stalling) or 4 mM / 3h HU treatment 
(high RS, associated with elevated RF collapse) ( 46 ). We no- 
ticed a significant increase in the number of 53BP1 foci in 

cy clin A-positi v e (S / G2-phase) cells after depleting either 
of the three proteins as compared to their respecti v e con- 
trols, most likely due to e xtensi v e for k collapse (Figure 3 A). 
Notably, we reproduced these findings in cells treated with 

an ARP2 / 3 inhibitor (CK-666) and in the patient-deri v ed 

DIAPH1-deficient cells (Supplementary Figure S3B). Fork 

collapse is known to induce genome instability resulting in 

the increased formation of micronuclei, which are particu- 
larly prominent in cancer cell models (e.g. HeLa) that dis- 
play an intrinsically high le v els of replicati v e stress. Con- 
sistently, loss of WASp, N-WASp, or DIAPH1 as well as 
inhibition of ARP2 / 3 resulted in increased le v els of mi- 
cronuclei compared to control cells e v en in the absence of 
any exogenous replication stressors (Figure 3 B and Supple- 
mentary Figure S3C). This observation further underscores 
the role of NPF / ANs in pre v enting genome-instability not 
only in response to exogenous genotoxic insults but also 

those arising from endogenous sources of RS, including but 
not limited to R loops (RN A-DN A hybrids), transcription– 

replication (T–R) conflicts, etc. ( 15 , 17 ). Collecti v ely, these 
data support the notion that NPF / ANs promote recov- 
ery of perturbed RFs and suppress replica tion-associa ted 

genome instability under normal growth conditions as well 
as in response to exogenous replicati v e stress. 

Actin nucleation protects r eplication f orks fr om uncontr olled 

degradation by promoting RPA localisation to ssDNA 

Since unstable RFs undergo e xcessi v e nucleolytic degrada- 
tion ( 47–50 ), we tested whether loss of NPF / ANs influ- 
ences this process by employing a modified DNA fibre pro- 
tocol ( 28 ). Interestingly, depletion of N-WASp, DIAPH1 

or WASp in HeLa cells, resulted in a significant shorten- 
ing of the CldU tracts (in the IdU > CIdU > HU la- 
belling scheme) compared to controls (Figure 4 A). This 
da ta indica te tha t pa tholo gical nucleol ytic degradation of 
HU-perturbed forks is not restricted to WASp deficiency 

or to human T and B lymphocytes, but is a more general 

phenotype associated with depletion of multiple NPF / AN 

proteins ( 15 ). As pathological fork resection is attributed to 

the unrestrained activity of the MRE11 or DNA2 nucle- 
ases, we monitored fork degradation in cells treated with 

the MRE11 inhibitor mirin, or siRNA targeting DNA2. 
Treatment with mirin or depletion of DNA2 supressed 

e xcessi v e for k degradation observ ed in cells depleted of 
NPF / ANs (Supplementary Figure S3D). Moreover, deple- 
tion of SMARCAL1 (SWI / SNF rela ted, ma trix associa ted, 
actin dependent regulator of chromatin, subfamily A like 
1) also rescued e xcessi v e for k degradation in cells depleted 

of N-W ASp, W ASp or DIAPH1 suggesting a role in fork 

protection downstream to RF re v ersal (Figure 4 B and Sup- 
plementary Figure S3E). Since pathological fork resection 

is attributed to fork deprotection ( 51 ) and we have shown 

that WASp-deficient immune cells (T and B cells) display 

defecti v e ssDNA-RPA comple x formation ( 15 ), we tested 

if depletion of other NPF / ANs would have a similar func- 
tion in non-immune cells (i.e. HeLa) as well. Remar kab ly, 
depletion of either N-WASp or DIAPH1 or WASp alone 
led to defecti v e RPA f oci f ormation upon HU-induced RS 

(Figure 4 C, Supplementary Figure S4A). To discount the 
possibility of off-target effects associated with siRNA, we 
again validated the specificity of our data by recapitulat- 
ing these observations in two ways: (i) employing different 
siRNAs against N-WASp or WASp (Supplementary Fig- 
ure S4B) as well as (ii) utilising a specific ARP2 / 3 inhibitor 
(CK-666; Figure S4C). In line with this, loading of RAD51 

at perturbed / collapsed RFs, an e v ent dependent on RPA- 
ssDNA formation ( 8 ) was also defecti v e in WASp and DI- 
APH1 depleted cells, as measured by the PLA assay be- 
tween nascent DNA (EdU labelling) and RAD51 (Figure 
5 A). Furthermore, the number of RAD51 foci detected by 

IF after HU treatment upon WASp depletion was also sig- 
nificantly reduced when compared to those treated with 

control siRNA (Supplementary Figure S4D), thus support- 
ing our PLA-based analysis. Formation of RPA-ssDNA 

is r equir ed for ATR acti vation and consequently, we hav e 
shown recently that WASp is r equir ed for this r esponse in 

T and B cells ( 15 ). To ascertain whether other members 
of the NPF / ANs family are similarly r equir ed for this re- 
sponse we analysed the efficiency of ATR signalling in cells 
depleted for N-WASp or DIAPH1. Again, and in line with 

the defecti v e RPA loading onto ssDNA, ATR activity was 
significantly compromised as evidenced by impaired phos- 
phorylation of CHK1 (pSer345) in N-W ASp, W ASp and 

DIAPH1 depleted HeLa cells, and incr eased r eplication ori- 
gin firing in N-WASp or WASp depleted HeLa cells and in 

DIAPH1-deficient cells (Figure 5 B and C). 
Since impaired formation of RPA foci and defecti v e 

DNA replication was not restricted to WASp deficiency 

alone, but was observed with loss of multiple other mem- 
bers of the NPF / ANs protein family, we considered that 
this phenotype could arise through at least three distinct 
mechanisms: (i) an overall decrease in the le v els of RPA ex- 
pression in cells, (ii) defecti v e nucleolytic processing of HU- 
perturbed forks failing to generate ssDNA, and / or (iii) de- 
fects in a downstream process that promotes RPA associa- 
tion with ssDNA. To distinguish between these possibilities, 
we first analysed total RPA2 protein le v els in cells depleted 

of NPF / ANs, which indicated that loss of these factors does 
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A

C

B

Figure 4. Depletion of W ASp, N-W ASp or DIAPH1 leads to increased degradation of nascent DNA and defects in RPA recruitment to perturbed repli- 
cation forks. ( A ) Box plots of CldU / IdU tract ratios from HeLa cells treated with control siRNA(-) or siRNA targeting N-WASp, DIAPH1 or WASp 
(+). CldU / IdU pulse labelling was followed by treatment with 4 mM HU for 4h. Whiskers indicate 5–95 percentile. Box plots r epr esent data pooled from 

four (siWASp), or two (siN-WASp, siDIAPH1) independent experiments. Statistical significance was determined using the Mann–Whitney test (left panel 
siCTRL n = 123; siN-WASp n = 116; central panel siCTRL n = 210; siDIAPH1 n = 204; right panel siCTRL n = 232, siWASp n = 259). ( B ). Box plots 
of CldU / IdU tract ratios from HeLa cells treated with control siRNA or siRNA targeting N-WASp, DIAPH1 or WASp and SMARCAL1. CldU / IdU 

pulse labelling was followed by treatment with 4 mM HU for 4 h. Whiskers indicate 5–95 percentile. Box plots represent data pooled from two inde- 
pendent experiments. Statistical significance was determined using the Mann–Whitney test (siCTRL n = 452, siSMARCAL1 n = 499, siDIAPH1 n = 

235, siDIAPH1 / siSMARCAl1 n = 248, siN-WASp n = 231, siN-WASp / siSMARCAL1 n = 235, siWASp n = 232, siWASp / siSMARCAL1 n = 230). ( C ) 
Representati v e images and dot plots of RPA signal intensity per nucleus of Hela cells treated with control siRNA or siRNA targeting N-W ASp, W ASp or 
DIAPH1 upon HU treatment as indicated (red lines indicate mean values). Dot plots r epr esent data pooled from three independent experiments. Statistical 
significance was determined using the Mann–Whitney test (left panel median values siCTRL NT [0.4295] n = 300, siCTRL 1 mM / 1 h [2.4368] n = 300, 
siCTRL 4 mM / 3 h [6.1924] n = 300, siN-WASp NT [0.1678] n = 300, siN-WASp 1 mM / 1 h [0.2192] n = 300, siN-WASp 4 mM / 3 h [0.4568] n = 300; middle 
panel median values siCTRL NT [1.2417] n = 373, siCTRL 1 mM / 1 h [1.3593] n = 395, siCTRL 4 mM / 3 h [3.9828] n = 407, siDIAPH1 NT [1.1798] n = 

392, siDIAPH1 1 mM / 1 h [1.1713], siDIAPH1 4 mM / 3 h [2.6214] n = 439; right panel median values siCTRL NT [0.5790] n = 300, siCTRL 1 mM / 1 
h [0.8026] n = 300, siCTRL 4 mM / 3 h [1.7282] n = 300, siWASp NT [0.5426] n = 300, siWASp 1 mM / 1 h [0.4892] n = 300, siWASp 4 mM / 3 h [0.5701] 
n = 300. 
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Figure 5. Depletion of W ASp, N-W ASp or DIAPH1 leads to defects in ATR signalling activation. ( A ) Dot plots of number of RAD51 / Biotin (nascent 
DNA) PLA foci per nucleus in HeLa cells treated with control siRN A or siRN A against WASp upon treatment with 4 mM HU for 3 h. Dot plots represent 
data pooled from two independent experiments (red lines indicate mean values). Statistical significance was determined using the Mann–Whitney test (left 
panel median values siCTRL NT [7] n = 145, siCTRL 4 mM / 3 h [12] n = 147, siWASp NT [3] n = 151, siWASp 4 mM / 3 h [3] n = 129; right panel median 
values siCTRL NT [4] n = 393, siCTRL 4 mM / 3 h [9.5] n = 516, siDIAPH1 NT [4] n = 545, siDIAPH1 4 mM / 3 h [7] n = 518. ( B ). WB showing CHK1 
phosphorylation in HeLa cells with or without indicated HU treatment for 1 h, treated with control siRNA (siCTRL) or siRNA targeting N-WASp or 
WASp as well as the same analysis in DIAPH1-deficient patient-deri v ed cells and the corresponding control cells. Bar charts r epr esent mean ± SEM of 
three experiments and statistical significance was determined using t test. ( C ) Quantification of the frequency of origin firing in HeLa cells treated with 
control siRNA or siRNA against N-W ASp, W ASp or DIAPH1. Bar charts r epr esent mean ± SEM of four (siN-WASp and siWASp) or three (DIAPH1) 
independent experiments. Statistical significance was determined using t test. 
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not affect RPA2 le v els (Figure 6 A), as we previously showed 

in WASp-deficient T cells ( 15 ). We also used sub-cellular 
fraction and WB to confirm that the cytoplasmic and nu- 
clear pools of RPA1 and 2 did not alter upon depletion of 
NPF / ANs (Supplementary Figure S5A). Next, we analysed 

ef ficiency of ssDNA genera tion a t HU-perturbed RFs by 

BrdU staining under non-denaturing condition. Here too, 
we did not observe a decrease in ssDNA generation (end- 
resection) at perturbed RFs upon depletion of these factors 
(Figure 6 B). Thus, we considered it likely that NPF / ANs 
may function as RPA ‘chaperones’ facilitating RPA loading 

and / or stability at RFs both, in cis as in the case of WASp 

( 15 ) but also in trans , likely via modulating the actin state, 
i.e. G-actin (monomeric) versus F-actin (polymeric). 

A simple prediction from this model would be that a sur- 
plus of RPA may be enough to overcome limitation as- 
sociated with suboptimal RPA chaperoning in NPF / AN- 
deficient cells. To test this hypothesis, we utilised the previ- 
ously characterised SuperRPA U2OS cells generated in the 
Lukas lab, that display a modest two-fold excess of all three 
RPA subunits. Importantly, these cells retain a normal cell- 
cycle profile and do not show spontaneous defects in either 
DNA replication or ATR activation ( 52 ). Strikingly, RPA 

ov er-e xpr ession largely r estor ed RPA loading / stability at 
HU-perturbed forks in DIAPH1- or WASp-deficient cells 
(Supplementary Figure S5B), as well as r estor ed global RF 

dynamics (Supplementary Figure S5C and D) with a con- 
comitant rescue of ectopically-increased fork collapse – as 
measured by 53BP1 foci formation (Supplementary Figure 
S6A and B). To examine the specificity of the rescue phe- 
notype we tested if a surplus of RPA can rescue, in general, 
any phenotype associated with RF instability. To this end, 
we analysed DNA replication in SuperRPA cells depleted 

for BRCA2, since BRCA2-depletion confers a strong de- 
fect in fork stability ( 48, 53 ). In support of a specific role for 
NPF / ANs in facilitating RPA association with ssDNA and 

RF stability, we did not observe a similar rescue of BRCA2- 
associa ted replica tion phenotype in SuperRPA cells (Sup- 
plementary Figure S6C-E). 

Actin polymerisation mutants recapitulate the phenotypes as- 
sociated with loss of NPF / ANs 

Our above results suggest that actin nucleators, i.e. compo- 
nents of ARP2 / 3 or formin-dependent pathways, act early 

in the RSR pathway to promote the localisation of RPA 

to perturbed forks, stimulating efficient RPA-ssDNA com- 
plex formation both, directly through WASp-RPA interac- 
tion ( 15 ) but also indirectly through another putati v e mech- 
anism. Indeed, a r ecent r eport by Pfitzer et al. ( 54 ) demon- 
stra ted tha t RPA2 coimmunoprecipita tes (co-IPs) with nu- 
clear actin, which proposes a model that G-actin / F-actin 

state itself may somehow influence the ability of RPA to 

form RPA-ssDNA complexes. To test this hypothesis, we 
first show that sepharose-coated monomeric G-actin di- 
rectly binds purified RPA complex (Figure 7 A and Supple- 
mentary Figure S7A) by in-vitro pull-down assays, suggest- 
ing that the in vivo RPA:G-actin association is also likely 

to be a direct interaction. Furthermore, we show that actin 

co-IPs with RPA2 in human cells spontaneously (without 
HU-induced r eplication str ess), howe v er, upon HU treat- 

ment, this RPA:actin interaction is decreased (Supplemen- 
tary Figure S7B). Notably, and in direct support of the 
role of NPF / ANs in ‘chaperoning’ RPA-ssDNA complex 

forma tion, we observe tha t a hyper-depolymerising G13R 

�-actin mutant (YFP-NLS- �-actin 

G13R ) ( 55 , 56 ) pr efer en- 
tially interacts with RPA2 in co-IP analyses from human 

HEK293TN cell extracts, when compared to WT (YFP- 
NLS- �-actin 

WT ) or the S14C hyper-polymerising mutant 
of �-actin (YFP-NLS- �-actin 

S14C ) (Figure 7 B) ( 56 ). Ac- 
cor dingly, cells ov er-e xpressing an actin polymerization- 
incompetent (YFP-NLS- �-actin 

G13R ) mutant that prefer- 
entially associates with RPA phenocopy the abnormal phe- 
notypes associated with the loss of NPF / ANs i.e. defec- 
ti v e RPA foci forma tion, ATR activa tion as well as global 
impairment in DNA replication (Figure 7 C, D, Supple- 
mentary Figure S7C). In contrast, cells expressing actin 

pol ymerization-hypercompetent S14C m utant (YFP-NLS- 
�-actin 

S14C ) showed phenotypes similar to cells expressing 

the control YFP-NLS- �-actin 

WT (Figure 7 C, D) 
Note, WT and S14C mutant have a similar RPA foci phe- 

notype (Figure 7 C), suggesting a rate-limiting step within 

the actin pa thway tha t may be distinct from actin filament 
formation, especially since we also show that all 3 actins 
(WT, S14C, G13R) are expressed at a similar le v el (Figure 
7 E). Thus, our data suggest a unique functional and co- 
operati v e interaction between RPA, actin and NPF / ANs, 
where a combination of cis and trans , actin-state dependent 
mechanisms calibrate RPA activity at the forks to safeguard 

DNA replication (Model, Figure 7 F). 

DISCUSSION 

The RPA-ssDNA-protein complex plays a key role in pro- 
tecting ssDNA generated during DNA metabolism, in- 
cluding at RFs, as well as acting as a ‘platform’ for 
r ecruitment / signalling / r egulation of a plethora of DNA re- 
pair factors. Howe v er, increased RPA le v els can be toxic 
likely due to e xcessi v e formation of RPA–ssDNA complexes 
( 13, 52, 57–59 ). Our recent report ( 15 ) as well as work in 

yeast Sacchar om y ces cer evisiae (Sc) and Xenopus together 
point to acti v e mechanisms employed by cells to dynami- 
cally control the ability of RPA to associa te / dissocia te with 

ssDNA ( 10 , 11 ). 
Here, we have shown that not only WASp, but also other 

members of the NPF / ANs protein family such as N-WASp, 
ARP2 / 3 or DIAPH1 as well as actin itself, promote effi- 
cient localisation of RPA to perturbed forks and by do- 
ing so promote ATR activation and supress ectopic fork 

resection. In line with this, we show that NPF / ANs in- 
volved in ARP2 / 3 or formin-dependent actin polymerisa- 
tion are specifically enriched at perturbed forks and their 
loss preclude RPA localisation to ssDNA resulting in de- 
fecti v e acti vation of ATR, e xcessi v e for k degradation and 

ultimatel y RF colla pse. The e xtensi v e for k degrada tion tha t 
we observed is likely due to increased fork r egr ession since 
this phenotype can be rescued by SMARCAL1 depletion, 
howe v er the amount of ssDNA generated at perturbed RFs 
seems to be similar between WT and NPFs / ANs mutants. 
Ther efor e, we conclude that the kinetics of resection that 
is r equir ed to genera te ssDNA a t the fork is unaf fected, 
but fork r egr ession coupled with fork deprotection (lack of 
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RPA loading) dri v es e xtensi v e for k degradation of nascent 
DNA strands. Defecti v e RPA loading is associated with im- 
paired RAD51 localization upon replicati v e stress, accor d- 
ingly we observe a decreased RAD51 signal at perturbed 

RFs, as measured by both, IF and PLA assay. Thus, we 
conclude that NPF / ANs loss effects RAD51 recruitment 
to perturbed RFs compromising their stability ( 15 , 16 ). In- 
deed, WASp and DIAPH1 deficient cells show increased 

frequency of DSB formation upon HU-treatment as com- 
pared with WT, consistent with the role of RAD51 in pro- 
moting fork stability ( 8 ). Furthermore, factors from the two 

actin polymerisation pathways (branched and unbranched) 
appear to act in parallel, as combined disruption of both 

pathways results in an increased inability of cells to pro- 
tect RFs. Accordingly, our work reveals an unexpected yet 
highly significant association between actin nucleation and 

the ability of cells to respond to replicati v e stress. Notab ly, 
our da ta indica te tha t actin interacts directly with RPA and 

ov ere xpression of a nuclear-localizing actin mutant that im- 
pedes its polymerisation (G13R) ( 56 ) leads to defecti v e RPA 

f oci f orma tion and replica tion fork instability, while the 
polymerization-hypercompetent actin mutant (S14C) does 
not ( 55, 60 ). Our findings with G-actin (G13R) and F-actin 

(S14C) mutants on RPA f oci f orma tion, ATR activa tion, 
and efficiency of DNA replication (Figure 7 and Supple- 
mentary Figure S7C) suggest that the role of NPF / ANs in 

this process may be at least by two complementary mech- 
anisms: (i) in trans , via control of the actin polymerisa- 
tion and (ii) in cis , via WASp-RPA binding ( 15 ). Since 
�-actin is a sub-unit of multiple chromatin-remodelling 

complexes,( 61–63 ) and their disruption causes global chro- 
ma tin reorganiza tion, this proposes an additional mech- 
anism that may potentially contribute to the dysfunc- 
tional replication stress response (RSR) in cells lacking 

NPF / ANs. 
Accordingly, our findings propose a model in which lo- 

calized actin assembly a t replica tion forks provides a spa- 
tiotemporal coordination of the RSR by delivering a pool 
of RPA at the right time (replicati v e stress) and at the right 
place (perturbed RFs). This could perhaps involve a ‘hand- 
off’ like mechanism to transfer RPA from low-affinity sites 
on polymerized actin (F-actin) to high-affinity sites on ss- 
DN A. Equall y, it is possible that monomeric actin (G-actin) 
serves as an RPA rheostat, limiting the pool of free RPA to 

suppress toxicity associated with supra-physiological load- 
ing of RPA onto ssDNA. Upon fork stalling (RSR signal- 
ing) change in actin state (actin polymerization) may dri v e 
the dissociation of G-actin-bound RPA, which increases the 
pool of RPA available for binding to ssDNA and facilitates, 
both in cis and in trans , the efficient formation of RPA- 
ssDNA complexes, essential f or f ork protection and robust 
checkpoint activation ( 15 ). As such, a role for ATR in pro- 
moting nuclear actin filament formation has been estab- 
lished ( 19 ). In this context, our findings raise an intriguing 

possibility that an ATR-dependent feed-forward loop links 
the control of RPA assembly with the se v erity of replicati v e 
stress. Such a mechanism would allow for ‘discreet’ activa- 
tion of the replica tion checkpoint, facilita ting ‘local’ versus 
‘global’ responses. Indeed, the key function of checkpoint 
signaling is to control the global surplus of nuclear RPA, 
shielding RFs from catastrophic breakage ( 64 ). Our find- 

ings insert NPF / ANs into this fundamental process in both 

immune and non-immune cell types. 
Patient phenotypes with mutations in actin polymeri- 

sa tion pa thwa ys closely resemble those f ound in genetic 
disorders with defects in r eplication / DNA r epair path- 
ways i.e. increased cancer risk, failure of the hematopoi- 
etic system (imm unodeficiency), microcephal y, neurodegen- 
eration, de v elopmental delay, or pr ematur e aging ( 20, 65– 

68 ). The se v erity and broad spectrum of these phenotypes 
likely reflect context- and cell-dependent variability, includ- 
ing the high redundancy within these complimentary mech- 
anisms, as well as potential functions of NPF / ANs out- 
side of the RSR / DDR pathways. Indeed, disruption of 
WASp:ARP2 / 3- and DIAPH1-dependent actin polymeri- 
sa tion pa thways confers a stronger replica tion defect than 

loss of a single pathway. 
Altogether, our findings shed new light on the molecu- 

lar mechanism by which actin nucleators and nucleation- 
promoting factors facilitate efficient DNA replication and 

suppress genome instability during the RSR, and further 
clarify the pathophysiology of human disorders linked to 

WASp and DIAPH1 deficiencies. 

Limitations of the study 

This study demonstrates that depletion or loss of NPF / ANs 
leads to an impairment in the loading of RPA and RAD51 

at perturbed RFs. Throughout this study we use the repli- 
cation inhibitor HU, a ribonucleotide reductase inhibitor 
( 69 ), to induce replicati v e stress. Howe v er, HU is known to 

promote RF stalling, r egr ession and dynamic conversion to 

collapsed RFs, ther efor e our analysis assays the r ecruitment 
of proteins to a mixture of perturbed fork structures ( 46, 70 ). 
Furthermore, analysis of 53BP1foci formation (an indirect 
marker of DSB formation) highlights that NPF / ANs limit 
replication fork collapse ( 35 ) in response to replicati v e stress 
induced by HU. 

DA T A A V AILABILITY 

Unprocessed imaging files generated for this study and 

source data for STRING analysis of iPOND have been de- 
posited on Figshare (doi:10.6084 / m9.figshare.21312300). 

SUPPLEMENT ARY DA T A 

Supplementary Data are available at NAR Online. 

ACKNOWLEDGEMENTS 

We thank L.I. Toledo (Uni v ersity of Copenhagen) for 
U2OS SuperRPA cell line, M. Seidman and M. Bellini 
(NIH, Baltimore, USA) for scholarly input, M. Dylewska 

for technical assistance, and the Flow Cytometry & Light 
Microscopy Facility at the ICR (K. Betteridge, A. Sto- 
jiljkovic, H. Ale and M. Guelbert) for assistance with 

microscopy and flow cytometry cell sorting. Graphical 
abstract created using BioRender.com (licence number 
WN2599OAUC). 
Author contributions : W.N. and Y.M.V. concei v ed the 
project. W.N ., J.N . and P.M. designed and analysed the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad369#supplementary-data


Nucleic Acids Research, 2023, Vol. 51, No. 12 6353 

experiments with contribution from R.B.. J.N., P.M. and 

R.B. performed most of the experiments. J.K., A.K., C.M., 
C.S., V.B. and K.K.W. contributed with specific experi- 
ments. A.A. provided advice on project design and data 

analysis. C.B. provided assistance with visualisation of actin 

polymers and high content imaging. G.S .S . provided ad- 
vice on project design and carried out initial analysis and 

complementation of DIAPH1 cell line with assistance from 

B.L.W.; F.S. provided the DIAPH1 cell line. W.N. wrote the 
manuscript with inputs from Y.M.V., and editing contribu- 
tions from J.N., P.M., R.B., A.A. and G.S .S ., and all authors 
re vie wed it. 

FUNDING 

Work in W.N.’s laboratory is funded by CR-UK Programme 
[A24881] and the CR-UK RadNet Programme; P.M. was 
supported by the BBSRC fellowship [BB / T009608 / 1]; 
G.S .S . is funded by a CR-UK Programme Grant 
[C17183 / A23303]; Y.M.V. r esear ch was funded by grants 
from National Institutes of Health (NIH), National 
Institute of Allergy and Infectious Diseases (NIAID) 
[R01AI146380]; endowment from the Penn State THON 

& Children’s Miracle Network; A.A. was funded by the 
European Research Council [ERC2014 AdG669898 TAR- 
LOOP]; B.L.W. is supported through the CR-UK Clinical 
Academic Training Programme award [C11497 / A31309]. 
Funding for open access charge: ICR Intr amur al Gr ant. 
Conflict of interest statement. None declared. 

REFERENCES 

1. Jackson,S.P. and Bartek,J. (2009) The DNA-damage response in 
human biology and disease. Nature , 461 , 1071–1078. 

2. Zeman,M.K. and Cimprich,K.A. (2014) Causes and consequences of 
r eplication str ess. Nat. Cell Biol. , 16 , 2–9. 

3. Kotsantis,P., Petermann,E. and Boulton,S.J. (2018) Mechanisms of 
Oncogene-Induced Replication Stress: jigsaw Falling into Place. 
Cancer Discov. , 8 , 537–555. 

4. Cimprich,K.A. and Cortez,D. (2008) ATR: an essential regulator of 
genome integrity. Nat. Rev. Mol. Cell Biol. , 9 , 616–627. 

5. Neelsen,K.J. and Lopes,M. (2015) Replication fork reversal in 
eukaryotes: from dead end to dynamic response. Nature reviews . Mol. 
Cell Biol. , 16 , 207–220. 

6. Ciccia,A. and Elledge,S.J. (2010) The DNA damage response: making 
it safe to play with kni v es. Mol. Cell , 40 , 179–204. 

7. Kass,E.M., Moynahan,M.E. and Jasin,M. (2016) When genome 
maintenance goes badly awry. Mol. Cell , 62 , 777–787. 

8. Bhat,K.P. and Cortez,D. (2018) RPA and RAD51: fork reversal, fork 
protection, and genome stability. Nat. Struct. Mol. Biol. , 25 , 446–453. 

9. Saldivar,J.C., Cortez,D. and Cimprich,K.A. (2017) The essential 
kinase ATR: ensuring faithful duplication of a challenging genome. 
Nat. Rev. Mol. Cell Biol. , 18 , 622–636. 

10. Jullien,D ., G ̈orlich,D ., Laemmli,U.K. and Adachi,Y. (1999) Nuclear 
import of RPA in Xenopus egg extracts r equir es a novel protein 
XRIP � but not importin �. EMBO J. , 18 , 4348–4358. 

11. Li,S., Xu,Z., Xu,J., Zuo,L., Yu,C., Zheng,P., Gan,H., Wang,X., Li,L. 
and Sharma,S. (2018) Rtt105 functions as a chaperone for replication 
protein A to preserve genome stability. EMBO J. , 37 , e99154. 

12. Marechal,A. and Zou,L. (2015) RPA-coated single-stranded DNA as 
a platform for post-translational modifications in the DNA damage 
response. Cell Res. , 25 , 9–23. 

13. Deng,S.K., Gibb,B., de Almeida,M.J., Greene,E.C. and 
Symington,L.S. (2014) RPA antagonizes microhomology-mediated 
repair of DNA double-strand breaks. Nat. Struct. Mol. Biol. , 21 , 
405–412. 

14. VanderVere-Carozza,P.S ., Gavande,N.S ., Jalal,S .I., Pollok,K.E., 
Ekinci,E., Heyza,J., Patrick,S.M., Masters,A., Turchi,J .J . and 

Pawelczak,K.S. (2022) In Vivo Targeting Replication Protein A for 
Cancer Therapy. Front Oncol. , 12 , 826655. 

15. Han,S .-S ., Wen,K.-K., Garc ́ıa-Rubio,M.L., Wold,M.S., Aguilera,A., 
Niedzwiedz,W. and Vyas,Y.M. (2022) WASp modulates RPA function 
on single-stranded DNA in response to replication stress and DNA 

damage. Nat. Commun. , 13 , 3743. 
16. Schrank,B.R., Aparicio,T., Li,Y., Chang,W., Chait,B.T., 

Gundersen,G .G ., Gottesman,M.E. and Gautier,J. (2018) Nuclear 
ARP2 / 3 dri v es DN A break clustering for homolo gy-dir ected r epair. 
Nature , 559 , 61–66. 

17. Sarkar,K., Han,S .S ., Wen,K.K., Ochs,H.D., Dupre,L., 
Seidman,M.M. and Vyas,Y.M. (2018) R-loops cause genomic 
instability in T helper lymphocytes from patients with 
Wiskott-Aldrich syndrome. J. Allergy Clin. Immunol. , 142 , 219–234. 

18. Caridi,C .P., D’Agostino,C ., Ryu,T., Zapotoczny,G., Delabaere,L., 
Li,X., Khodav er dian,V.Y., Amaral,N., Lin,E., Rau,A.R. et al. (2018) 
Nuclear F-actin and myosins dri v e relocalization of heter ochr omatic 
breaks. Nature , 559 , 54–60. 

19. Lamm,N ., Read,M.N ., Nobis,M., Van Ly,D., Page,S.G., 
Masamsetti,V.P ., Timpson,P ., Biro,M. and Cesare,A.J. (2020) Nuclear 
F-actin counteracts nuclear deformation and promotes fork repair 
during replication stress. Nat. Cell Biol. , 22 , 1460–1470. 

20. Hurst,V., Shimada,K. and Gasser,S.M. (2019) Nuclear actin and 
actin-binding proteins in DNA repair. T r ends Cell Biol. , 29 , 462–476. 

21. Caridi,C.P., Plessner,M., Grosse,R. and Chiolo,I. (2019) Nuclear 
actin filaments in DNA repair dynamics. Nat. Cell Biol. , 21 , 
1068–1077. 

22. Liu,C., Zhu,R. and Mao,Y. (2018) Nuclear actin polymerized by 
mDia2 confines centromere movement during CENP-A loading. 
Iscience , 9 , 314–327. 

23. Parisis,N., Krasinska,L., Harker,B., Urbach,S., Rossignol,M., 
Camasses,A., Dewar,J., Morin,N. and Fisher,D. (2017) Initiation of 
DNA replication requires actin dynamics and formin activity. EMBO 

J. , 36 , 3212–3231. 
24. Hayer,A., Shao,L., Chung,M., Joubert,L.M., Yang,H.W., Tsai,F.C., 

Bisaria,A., Betzig,E. and Meyer,T. (2016) Engulfed cadherin fingers 
are polarized junctional structures between collecti v ely migrating 
endothelial cells. Nat. Cell Biol. , 18 , 1311–1323. 

25. Chang,L., Godinez,W.J., Kim,I.H., Tektonidis,M., de Lanerolle,P., 
Eils,R., Rohr,K. and Knipe,D.M. (2011) Herpesviral replication 
compartments move and coalesce at nuclear speckles to enhance 
export of viral late mRNA. Proc. Natl. Acad. Sci. U.S.A. , 108 , 
E136–E144. 

26. Suzuki,K., Bose,P., Leong-Quong,R.Y., Fujita,D.J. and Riabowol,K. 
(2010) REAP: a two minute cell fractionation method. BMC Res. 
Notes , 3 , 294. 

27. Tuschl,T. (2006) Cotransfection of luciferase reporter plasmids with 
siRNA duplexes. CSH Protoc. , 2006 , pdb.prot4342. 

28. Nieminuszczy,J., Broderick,R., Bellani,M.A., Smethurst,E., 
Schwab,R.A., Cher dyntse va,V., Evmorfopoulou,T., Lin,Y.L., 
Minczuk,M., Pasero,P. et al. (2019) EXD2 protects stressed 
replication forks and is required for cell viability in the absence of 
BRCA1 / 2. Mol. Cell , 75 , 605–619. 

29. Sirbu,B .M., Couch,F.B ., Feiger le,J.T., Bhaskar a,S ., Hiebert,S .W. and 
Cortez,D. (2011) Analysis of protein dynamics at acti v e, stalled, and 
collapsed replication forks. Genes Dev. , 25 , 1320–1327. 

30. Taglialatela,A., Alvarez,S., Leuzzi,G., Sannino,V., Ranjha,L., 
Huang,J.W., Maduba ta,C ., Anand,R., Levy,B ., Ra badan,R. et al. 
(2017) Restoration of replication fork stability in BRCA1- and 
BRCA2-deficient cells by inactivation of SNF2-family fork 
remodelers. Mol. Cell , 68 , 414–430. 

31. Nieminuszczy,J., Schwab,R.A. and Niedzwiedz,W. (2016) The DNA 

fibre technique - tracking helicases at work. Methods , 108 , 92–98. 
32. Schwab,R.A. and Niedzwiedz,W. (2011) Visualization of DNA 

replication in the vertebrate model system DT40 using the DNA fiber 
technique. J. V is . Exp. , 56 , e3255. 

33. Bhat,K.P., Betous,R. and Cortez,D. (2015) High-affinity 
DNA-binding domains of replication protein A (RPA) direct 
SMARCAL1-dependent replication fork remodeling. J. Biol. Chem. , 
290 , 4110–4117. 

34. Henricksen,L.A., Umbricht,C.B. and Wold,M.S. (1994) Recombinant 
replication protein A: expression, complex formation, and functional 
characterization. J. Biol. Chem. , 269 , 11121–11132. 

35. Szklarczyk,D., Gable,A.L., Lyon,D., Junge,A., Wyder,S., 
Huerta-Cepas,J., Simonovic,M., Doncheva,N.T., Morris,J.H., Bork,P. 



6354 Nucleic Acids Research, 2023, Vol. 51, No. 12 

et al. (2019) STRING v11: pr otein-pr otein association networks with 
increased coverage, supporting functional discovery in genome-wide 
experimental datasets. Nucleic Acids Res. , 47 , D607–D613. 

36. Higgs,M.R., Reynolds,J .J ., Winczura,A., Blackford,A.N., Borel,V., 
Miller,E.S., Zlatanou,A., Nieminuszczy,J., Ryan,E.L., Davies,N.J. 
et al. (2015) BOD1L is r equir ed to suppress deleterious resection of 
str essed r eplication forks. Mol. Cell , 59 , 462–477. 

37. Coquel,F., Silva,M.J., Techer,H., Zadorozhny,K., Sharma,S., 
Nieminuszczy,J., Mettling,C., Dardillac,E., Barthe,A., Schmitz,A.L. 
et al. (2018) SAMHD1 acts at stalled replication forks to prevent 
interferon induction. Nature , 557 , 57–61. 

38. Roy,S., Luzwick,J.W. and Schlacher,K. (2018) SIRF: quantitati v e in 
situ analysis of protein interactions at DNA replication forks. J. Cell 
Biol. , 217 , 1521–1536. 

39. Roy,S. and Schlacher,K. (2019) SIRF: a single-cell assay for in situ 
protein interaction with nascent DNA replication forks. Bio-protocol , 
9 , e3377–e3377. 

40. Dungrawala,H. and Cortez,D. (2015) Purification of proteins on 
newly synthesized DNA using iPOND. Methods Mol. Biol. , 1228 , 
123–131. 

41. Dungrawala,H. and Cortez,D. (2015) In: The Nucleus . Springer, pp. 
123–131. 

42. Schwab,R.A., Nieminuszczy,J., Shah,F., Langton,J., Lopez 
Martinez,D., Liang,C .C ., Cohn,M.A., Gibbons,R.J ., Deans,A.J . and 
Niedzwiedz,W. (2015) The Fanconi anemia pathway maintains 
genome stability by coordinating replication and transcription. Mol. 
Cell , 60 , 351–361. 

43. Blackford,A.N., Nieminuszczy,J., Schwab,R.A., Galanty,Y., 
Jackson,S.P. and Niedzwiedz,W. (2015) TopBP1 interacts with BLM 

to maintain genome stability but is dispensable for preventing BLM 

degradation. Mol. Cell , 57 , 1133–1141. 
44. Pollard,T.D. (2016) Actin and actin-binding proteins. Cold Spring 

Harb. Perspect. Biol. , 8 , a018226. 
45. Baarlink,C., Plessner,M., Sherrard,A., Morita,K., Misu,S., 

Virant,D., Kleinschnitz,E.-M., Harniman,R., Alibhai,D. and 
Baumeister,S. (2017) A transient pool of nuclear F-actin at mitotic 
exit controls chromatin organization. Nat. Cell Biol. , 19 , 1389–1399. 

46. Petermann,E., Orta,M.L., Issaeva,N., Schultz,N. and Helleday,T. 
(2010) Hydroxyurea-stalled replication forks become progressi v ely 
inactivated and r equir e two different RAD51-mediated pathways for 
restart and repair. Mol. Cell , 37 , 492–502. 

47. Hashimoto,Y., Ray Chaudhuri,A., Lopes,M. and Costanzo,V. (2010) 
Rad51 protects nascent DNA from Mre11-dependent degradation 
and promotes continuous DNA synthesis. Nat. Struct. Mol. Biol. , 17 , 
1305–1311. 

48. Schlacher,K., Christ,N., Siaud,N., Egashira,A., Wu,H. and Jasin,M. 
(2011) Double-strand break repair-independent role for BRCA2 in 
blocking stalled replication fork degradation by MRE11. Cell , 145 , 
529–542. 

49. Karanja,K.K., Lee,E.H., Hendrickson,E.A. and Campbell,J.L. 
(2014) Pre v enting ov er-resection by DNA2 helicase / nuclease 
suppr esses r epair defects in Fanconi anemia cells. Cell Cy c le , 13 , 
1540–1550. 

50. Lachaud,C., Moreno,A., Marchesi,F., Toth,R., Blow,J .J . and Rouse,J . 
(2016) Ubiquitinated Fancd2 recruits Fan1 to stalled replication forks 
to pre v ent genome instability. Science , 351 , 846–849. 

51. Berti,M., Cortez,D. and Lopes,M. (2020) The plasticity of DNA 

replication forks in response to clinically relevant genotoxic stress. 
Nat. Rev. Mol. Cell Biol. , 21 , 633–651. 

52. Toledo,L.I., Altmeyer,M., Rask,M.B., Lukas,C., Larsen,D.H., 
Po vlsen,L.K., Bekk er-Jensen,S., Mailand,N., Bartek,J . and Lukas,J . 

(2013) ATR prohibits replication catastrophe by pre v enting global 
exhaustion of RPA. Cell , 155 , 1088–1103. 

53. Chaudhuri,A.R., Callen,E., Ding,X., Gogola,E., Duarte,A.A., 
Lee,J .E., W ong,N., Lafar ga,V., Calv o,J .A., Panzarino,N.J . et al. 
(2016) Replication fork stability confers chemoresistance in 
BRCA-deficient cells. Nature , 535 , 382–387. 

54. Pfitzer,L., Moser,C., Gegenfurtner,F., Arner,A., Foerster,F., 
Atzberger,C., Zisis,T., Kubisch-Dohmen,R., Busse,J., Smith,R. et al. 
(2019) Targeting actin inhibits repair of doxorubicin-induced DNA 

damage: a novel therapeutic approach for combination therapy. Cell 
Death. Dis. , 10 , 302. 

55. Chang,L., Godinez,W.J., Kim,I.-H., Tektonidis,M., De Lanerolle,P., 
Eils,R., Rohr,K. and Knipe,D.M. (2011) Herpesviral replication 
compartments move and coalesce at nuclear speckles to enhance 
export of viral late mRNA. Proc. Natl. Acad. Sci. U.S.A. , 108 , 
E136–E144. 

56. Posern,G., Sotiropoulos,A. and Treisman,R. (2002) Mutant actins 
demonstrate a role for unpolymerized actin in control of transcription 
by serum response factor. Mol. Biol. Cell , 13 , 4167–4178. 

57. Brosh,R.M. Jr (2013) DNA helicases involved in DNA repair and 
their roles in cancer. Nat. Rev. Cancer , 13 , 542–558. 

58. Velegzhaninov,I.O., Belykh,E.S., Rasova,E.E., Pylina,Y.I., 
Shadrin,D.M. and Klokov,D.Y. (2020) Radioresistance, DNA 

damage and DNA repair in cells with moderate ov ere xpression of 
RPA1. Front Genet , 11 , 855. 

59. Zhang,Y. and Yu,C. (2020) Distinct expression and prognostic values 
of the replication protein A family in gastric cancer. Oncol. Lett. , 19 , 
1831–1841. 

60. Baarlink,C., Wang,H. and Grosse,R. (2013) Nuclear actin network 
assembly by formins regulates the SRF coactivator MAL. Science , 
340 , 864–867. 

61. Kapoor,P., Chen,M., Winkler,D .D ., Luger,K. and Shen,X. (2013) 
Evidence for monomeric actin function in INO80 chromatin 
remodeling. Nat. Struct. Mol. Biol. , 20 , 426–432. 

62. Kapoor,P. and Shen,X. (2014) Mechanisms of nuclear actin in 
chromatin-r emodeling complex es. T r ends Cell Biol. , 24 , 238–246. 

63. Klages-Mundt,N.L., Kumar,A., Zhang,Y., Kapoor,P. and Shen,X. 
(2018) The nature of actin-family proteins in chromatin-modifying 
complexes. Front. Genet. , 9 , 398. 

64. Toledo,L., Neelsen,K.J. and Lukas,J. (2017) Replication catastrophe: 
when a checkpoint fails because of exhaustion. Mol. Cell , 66 , 
735–749. 

65. Simon,D.N., Zastrow,M.S. and Wilson,K.L. (2010) Direct actin 
binding to A- and B-type lamin tails and actin filament bundling by 
the lamin A tail. Nucleus , 1 , 264–272. 

66. Ercan-Sencicek,A.G., Jambi,S., Franjic,D., Nishimura,S., Li,M., 
El-Fishawy,P., Morgan,T.M., Sanders,S.J., Bilguvar,K., Suri,M. et al. 
(2015) Homozygous loss of DIAPH1 is a novel cause of microcephaly 
in humans. Eur. J. Hum. Genet. , 23 , 165–172. 

67. Al-Maawali,A., Barry,B.J., Rajab,A., El-Quessny,M., Seman,A., 
Coury,S.N., Barkovich,A.J., Yang,E., Walsh,C.A., Mochida,G.H. 
et al. (2016) Novel loss-of-function variants in DIAPH1 associated 
with syndromic microcephaly, blindness, and early onset seizures. 
Am. J. Med. Genet. A , 170A , 435–440. 

68. Moulding,D.A., Record,J., Malinova,D. and Thrasher,A.J. (2013) 
Actin cytoskeletal defects in immunodeficiency. Immunol. Rev. , 256 , 
282–299. 

69. Y arbro,J .W. (1992) In: Seminars in Oncology . Vol. 19 , pp. 1–10. 
70. Zellweger,R., Dalcher,D., Mutreja,K., Berti,M., Schmid,J.A., 

Herrador,R., Vindigni,A. and Lopes,M. (2015) Rad51-mediated 
replication fork re v ersal is a global response to genotoxic treatments 
in human cells. J. Cell Biol. , 208 , 563–579. 


