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ABSTRACT

Proper activation of DNA repair pathways in re-
sponse to DNA replication stress is critical for main-
taining genomic integrity. Due to the complex na-
ture of the replication fork (RF), problems at the
RF require multiple proteins, some of which remain
unidentified, for resolution. In this study, we iden-
tified the N-methyl-D-aspartate receptor synaptonu-
clear signaling and neuronal migration factor (NSMF)
as a key replication stress response factor that is
important for ataxia telangiectasia and Rad3-related
protein (ATR) activation. NSMF localizes rapidly to
stalled RFs and acts as a scaffold to modulate repli-
cation protein A (RPA) complex formation with cell di-
vision cycle 5-like (CDC5L) and ATR/ATR-interacting
protein (ATRIP). Depletion of NSMF compromised
phosphorylation and ubiquitination of RPA2 and the
ATR signaling cascade, resulting in genomic insta-
bility at RFs under DNA replication stress. Consis-
tently, NSMF knockout mice exhibited increased ge-
nomic instability and hypersensitivity to genotoxic
stress. NSMF deficiency in human and mouse cells
also caused increased chromosomal instability. Col-
lectively, these findings demonstrate that NSMF reg-
ulates the ATR pathway and the replication stress
response network for genome maintenance and cell
survival.

INTRODUCTION

Precise and complete duplication of the genome during each
cell division cycle is critical to maintain genomic stabil-
ity and cell survival. Failures in this process lead to ac-
cumulation of mutations and chromosomal instability and
eventually lead to cancer and other genetic diseases (1,2).
DNA replication errors, spontaneous chemical reactions,
exogenous environmental agents, some anticancer thera-
peutics and oncogene overexpression induce DNA repli-
cation stress (DRS), which causes DNA replication forks
(RFs) to slow or stall (3). In response to these genotoxic
stresses, eukaryotic cells induce replication stress response
pathways to cope with DNA damage for proper cell-cycle
progression.

During the replication stress response, numerous changes
take place at RFs. First, minichromosome maintenance
(MCM) helicase uncouples from replicative DNA poly-
merase producing persistent long single-stranded DNA
(ssDNA) in the genome. ssDNA is rapidly detected and
bound by replication protein A (RPA), a heterotrimeric
ssDNA-binding complex, to form RPA-coated ssDNA
(RPA-ssDNA), a crucial platform of the DNA damage re-
sponse (DDR) (4). In addition to stabilizing ssDNA, the
RPA-ssDNA complex serves as a protein—protein bind-
ing platform for the coordination of multiple DNA re-
pair events, including recruitment of ATR-interacting pro-
tein (ATRIP) and the pre-mRNA processing factor 19
(PRP19)-cell division cycle 5-like (CDCS5L) complex, which
then recruits ataxia telangiectasia and Rad3-related pro-
tein (ATR) to stressed RFs. The RPA-ssDNA complex
also acts as a platform for recruitment of the Radl7-
replication factor C (RFC) complex to DNA damage sites,
after which RFC loads the 9-1-1 checkpoint complex and
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DNA topoisomerase 2-binding protein 1 (TopBP1). In the
RPA-ssDNA complex, ATR is activated by direct interac-
tion with TopBP1 (5,6) or Ewing tumor-associated anti-
gen 1 (ETAAL1), which is independent of TopBP1 (7). Acti-
vated ATR phosphorylates and activates checkpoint kinase
1 (Chkl), which stabilizes and restarts stalled RFs by regu-
lating various downstream effectors (8).

N-methyl-D-aspartate (NMDA) receptor synaptonu-
clear signaling and neuronal migration factor (NSMF), also
called Jacob, was originally found to be involved in neu-
ronal plasticity and development. Mutations in the NSMF
gene were found in patients with Kallmann syndrome (KS),
which is characterized by idiopathic hypogonadotropic hy-
pogonadism (IHH) associated with anosmia or hyposmia
(9-12). It has been shown that knockdown of NSMF re-
sults in reduced migration of gonadotropin-releasing hor-
mone (GnRH)-positive neurons from the olfactory bulb
to the hypothalamus during early neuronal development
(13). NSMF contains a nuclear localization signal do-
main and is shuttled to the nucleus via extracellular signal-
regulated kinase (ERK)-mediated phosphorylation. Trans-
mission of synaptic NMDA receptor signaling to the nu-
cleus by NSMF is critical for hippocampal dendrite de-
velopment and synapse formation (14). In addition, it has
been suggested that NSMF nuclear localization is involved
in neuronal dysfunction resulting from amyloid- signaling
(15,16). Although NSMF is highly expressed in the brain
and although most NSMF functional studies have focused
on neuronal development, NSMF is also present in multi-
ple adult tissues, including the kidney, liver, lung, brain and
heart, but little is known about the function of NSMF in
these tissues (9,17).

In this study, we uncovered a novel function of NSMF
as a regulator of the DNA replication stress response. We
found that NSMF expressed exclusively in the nucleus in-
teracts with CDCSL in non-neuronal cells. NSMF rapidly
localizes to stalled RFs and acts as a scaffold to stabilize
the RPA-CDC5L-ATR /ATRIP complex for full activation
of the ATR signaling pathway. We also demonstrated that
NSMF knockout (KO) mice show increased chromosomal
instability and greater sensitivity to genotoxic treatment.
Taken together, we propose that NSMF directly promotes
RF recovery to ensure genome stability.

MATERIALS AND METHODS
Generation of NSMF KO mice

NSMF KO mice were generated from embryonic stem
(ES) cells harboring the Nsmf mutation Nsmftm12KOMP)Wisi
that were purchased from the Knock-Out Mouse Project
(KOMP; University of California, Davis, CA). The NSMF
KO was confirmed by genotyping, qRT-PCR and west-
ern blot. Primers for genotyping were Nsmf-A: 5-GGC
CCT GAG GTT ATT GAT GC-3', Nsmf-B: 5-GCT TGG
CTT GAG GTG GTC TC-3 and Nsmf-C: 5-TCG TGG
TAT CGT TAT GCG CC-3'. Primers for qRT-PCR were
Nsmf-F: ¥-ACT CGG CTT TTT CTA GCC TTG-3' and
Nsmf-R: 5-ACA ATG CTG GTG AGG TTC TTG-3'.
Mice used in this study were bred and maintained at the
In Vivo Research Center at Ulsan National Institute of Sci-
ence and Technology (UNIST), and all procedures were ap-

proved by the Institutional Animal Care and Use Commit-
tee (UNISTIACUC-18-08).

Cell culture and stable cell lines

HelLa and human embryonic kidney (HEK) 293T cells were
purchased from American Type Culture Collection (ATCC,
Manassas, VA). The cell lines were maintained in Dulbecco
modified Eagle’s medium (DMEM; Invitrogen, CA) supple-
mented with 10% fetal bovine serum (FBS; Gibco, Franklin
Lakes, NJ) and 1% penicillin/streptomycin (Gibco) at 37°C
under 5% v/v CO2. To generate the NSMF KO cell line,
Hela cells were cotransfected with CRISPR /Cas9, a single
guide RNA targeting NSMF, and donor plasmids by nucle-
ofection (Lonza, Basel, Switzerland). After 48 h, high GFP-
expressing cells were sorted into 96-well plates with a FAC-
SAria Fusion (BD Biosciences, San Jose, CA). The pres-
ence of insertions/deletions that cause frameshifts in both
alleles was confirmed by sequencing. Hela cells with sta-
ble NSMF expression were obtained upon antibiotic selec-
tion with 3 pg/ml puromycin (cat# ant-pr; InvivoGen, San
Diego, CA) for 2 weeks. Clones were pooled into a single
population to avoid clonal heterogeneity. All cell lines were
routinely tested for mycoplasma contamination (MP0025;
Sigma-Aldrich, St. Louis, MO).

Plasmids

The GFP-NSMF and SFB-NSMF, NSMF D-1, D-2, D-3,
D-4 and D-5 deletion mutant expression plasmids were cre-
ated using GFP-, mCherry- or SFB-tagged mammalian ex-
pression vectors. CDC5L and ATRIP genes were purchased
from the Korea Human Gene Bank. Myc-CDCSL, CDCSL
D-1, D1-1, D1-2, D-2, D-3 and D-4 deletion mutant ex-
pression plasmids were created using a Myc-tagged mam-
malian expression vector. GFP-CDCS5L and GFP-ATRIP
expression plasmids were created using a GFP-tagged mam-
malian expression vector. The Myc-RPA2 expression plas-
mid was created using a Myc-tagged mammalian expres-
sion vector and GST-RPA2. Guide RNA plasmids for hu-
man NSMF were generated by cloning guide sequences
into pX330 (plasmid number 42230; Addgene). The target
sequences for gene editing were selected using CRISPOR
(www.crispor.tefor.net). The target sequences for each guide
RNA were as follows: Human NSMF guide #1: 5'- CGTA
GCAGCCGTTGGAGACG -3’ and Human NSMF guide
#2: 5- CAGCTTCTTGCGGCGACCGG -3. All con-
structs and primers are summarized in Supplementary Ta-
ble S1.

Transfection and small interfering RNAs (siRNAs)

Transient transfections with plasmid DNA and siRNAs
were performed using XtremeGENE™ HP (Roche, Basel,
Switzerland) and Lipofectamine RNAIMAX (Thermo
Fisher Scientific, Waltham, MA), respectively, accord-
ing to the manufacturer’s instructions. Control siRNAs
were described previously (18). The following custom
siRNA sequences NSMF #1: 5 UGAGCAAAGUGA
ACCCAGALtt 3, NSMF #2: ¥ UCUGGGUUCACUUU
GCUCAtc 3, NSMF #3: ¥ CAGAUGAUCGAGACGU
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ACUtt 3, PRPI19 #1: ¥ GCCAAGUUCCCAACCAAG
Utt 3, PRP19 #2: ¥ CAGAAGAGCUCAGCAAAUALt
t 3, PRP19 #3: 5 CCUUCUCUGAGAAUGGUUALt
t 3, PRP19 #4: 5 CAAGUUCAUCGCUUCAACALt
3, PRP19 #5: ¥ GACAGAAGCCUCAAGUUCULtt 3,
RFWD3 #1: ¥ GCAGUCAUGUGCAGGAGUUtt 3/,
RFWD3 #2: ¥ GGAAACAGGCCGAGUUAGALtt 3/,
RFWD3 #3: 5 GGACCUACUUGCAAACUAUtt 3’ and
CDC5L : 5 GAUGGAAUGGCAGACUAUALt 3 were
synthesized by Bioneer Inc. (Korea).

Preparation of MEFs

NSMF WT and KO MEFs were isolated from a pregnant
mouse on day E14.5 as described previously (19). Briefly, on
day E14.5, head and internal organs were removed from the
embryos. The remainder of the embryo bodies were minced
with razor blades into small fragments and digested using
Trypsin-EDTA (cat# 25200-072; Gibco) to obtain cells for
culture. MEFs were maintained in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin.

Antibodies and dilution factors

Anti-yH2AX and anti-H2B antibodies were described
previously (20,21) The dilutions of the various anti-
bodies used for western blot analysis were as follows:
1:1000, anti-NSMF (OAANO03468; Aviva Systems Biol-
ogy, San Diego, CA); 1:1000, anti-CDCS5L (612362; BD
biosciences); 1:1000, anti-FLAG (F3165; Sigma-Aldrich);
1:2000, anti-Myc (11814150001; Roche); 1:5000, anti-GFP
(632380; Clontech, Mountain View, CA); 1:2000, anti-3-
actin (A5316; Sigma-Aldrich); 1:2000, anti-a-tubulin (05-
829; Millipore, Burlington, MA); 1:1000, anti-RADS51
(ab63801; Abcam, Cambridge, United Kingdom); 1:1000,
anti-RPA2 (A300-244A; Bethyl Laboratories, Inc., Mont-
gomery, TX); 1:1000, anti-RPA2 (S4/8) (A300-244A;
Bethyl Laboratories, Inc.); 1:1000, anti-BRCA1 (SC-6954;
Santa Cruz, Dallas, TX); 1:1000, anti-5S3BP1 (#4937,
Cell Signaling Technology, Danvers, MA); 1:1000, anti-
ATRIP (A300-670A; Bethyl Laboratories, Inc.); 1:1000,
anti-ATR (A300-137A; Bethyl Laboratories, Inc.); 1:1000,
anti-PRP19 (ab27692; Abcam, Cambridge, United King-
dom); 1:250, anti-RFWD3 (A301-397A; Bethyl labora-
tories, Inc.); 1:1000, anti-CHKI1(SC-8408; Santa Cruz,
Dallas, TX); 1:1000, anti-phosphoCHK1 (S317, #2344;
Cell Signaling Technology, Danvers, MA); Horseradish
peroxidase-conjugated secondary antibodies specific to rab-
bit (A0545; Sigma-Aldrich) or mouse (A9917; Sigma-
Aldrich) IgG were used at a dilution of 1:2000. The di-
lutions of the various antibodies used for indirect im-
munofluorescence analysis were as follows: 1:1000, anti-
RPA2 (MA1-26418; Thermo Fisher Scientific); 1:100, anti-
RPA2 (S4/8, A300-244A; Bethyl Laboratories, Inc.); 1:100,
anti-RPA2 (S33, A300-246A; Bethyl Laboratories, Inc.).

Immunoprecipitation

For immunoprecipitation, cells were washed with ice-cold
phosphate buffered saline (PBS) and then lysed in NETN
buffer [0.5% Nonidet P-40, 20 mM Tris pH 8.0, 50 mM
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NaCl, 50 mM NaF, 100 wM Na3;VO4, 1 mM dithio-
threitol (DTT), and 50 pg/ml phenylmethylsulfonyl flu-
oride (PMSF)] at 4°C for 10 min. Crude lysates were
cleared by centrifugation at 14 000 rpm at 4°C for 5
min, and supernatants were incubated with protein A-
agarose-conjugated primary antibodies or FLAG-M2 affin-
ity gel (A2220; Sigma-Aldrich). The immunocomplexes
were washed three times with NETN buffer and subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Western blotting was performed using the
antibodies indicated in the figures. Proteins were visualized
using secondary horseradish peroxidase-conjugated anti-
bodies (Enzo Life Sciences, New York, NY) and enhanced
chemiluminescence reagent (Thermo Fisher Scientific). Sig-
nals were detected using an automated imaging system
(ChemiDoc™; Bio-Rad Laboratories, Hercules, CA).

Chromatin fraction analysis

Cells were collected and washed in PBS. The collected cells
were lysed in NETN bulffer at 4°C for 30 min. Crude lysates
were cleared by centrifugation at 13 000 rpm at 4°C for 10
min and the pellet was resuspended in 0.2 N HCI for 1 h.
The resuspended mixture was centrifuged at 13 000 rpm at
4°C for 10 min, and the supernatant chromatin fraction was
neutralized with 1 M Tris-HCI (pH 8.0) for western blotting.
We used histone 2B (H2B) as a control for the chromatin
fraction.

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) based NSMF interactome analysis

To identify NSMF-associated proteins, HEK293T cells
were transfected with S-FLAG-streptavidin binding pep-
tide (SFB)-tagged NSMF plasmid. SFB-NSMF and asso-
ciated proteins were immunoprecipitated from cell lysates
using FLAG-M2 affinity gel (Sigma-Aldrich), and the im-
munoprecipitated proteins were separated by SDS-PAGE.
After staining with colloidal Coomassie blue, bands were
sliced from the protein gel and in-gel tryptic digestion was
performed as described by Shevchenko et al. (22). The tryp-
tic digests were separated by online reversed-phase chro-
matography using a Thermo Scientific Eazy nano LC 1200
UHPLC equipped with an autosampler using a reversed-
phase peptide trap Acclaim PepMapTM 100 (75 pm in-
ner diameter, 2cm length) and a reversed-phase analyti-
cal column PepMapTM RSLC C18 (75 pm inner diameter,
15c¢m length, 3 wm particle size), both from Thermo Sci-
entific, followed by electrospray ionization at a flow rate
of 300nlmin!. Samples were eluted using a split gradient
of 3-50% solution B (80% ACN with 0.1% FA) in 60 min
and 50-80% solution B in 10 min followed column wash
at 100% solution B for 10 min. The chromatography sys-
tem was coupled in line with an Orbitrap Fusion Lumos
mass spectrometer. The mass spectrometer was operated in
a data-dependent mode with the 120 000 resolution MSI
scan (375-1500 m/z), AGC target of 5¢5 and max injection
time of 50 ms. Peptides above threshold 5e3 and charges
2-7 were selected for fragmentation with dynamic exclu-
sion after 1 time for 15 s and 10 ppm tolerance. Spectra
were searched against the uniprot-human DB using the Pro-
teome Dsciverer Sorcerer 2.1 with SEQUEST-based search
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algorithm, and comparative analysis of proteins identified
in this study was performed using Scaffold 4 Q+S. All
MS/MS samples were analyzed using the Sequest Sorcerer
platform (Sagen-N Research, San Jose, CA). Sequest was
set up to search the Homo sapiens protein sequence database
(20612 entries; UniProt [http://www.uniprot.org/]), which
includes frequently observed contaminants from trypsin di-
gestion. Sequest was searched with a fragment ion mass
tolerance of 1.00 Da and a parent ion tolerance of 10.0
ppm. Carbamidomethylation of cysteine was specified as
a fixed modification in Sequest. Oxidation of methionine,
acetylation of the N-terminus and phosphorylation of ser-
ine, threonine and tyrosine were specified as variable modi-
fications. Scaffold (Version 4.10.0; Proteome Software Inc.,
Portland, OR) was used to validate MS/MS-based peptide
and protein identifications. Peptide identifications were ac-
cepted if they were established with >97.0% probability and
a false discovery rate (FDR) < 1.0% by the Scaffold Lo-
cal FDR algorithm. Protein identifications were accepted if
they were established with >95.0% probability, an FDR <
1.0%, and contained at least two identified peptides. Pro-
tein probabilities were assigned by the ProteinProphet al-
gorithm (23). Proteins that contained similar peptides and
could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Proteins
were annotated with GO terms from NCBI (downloaded
14 April 2019).

Proteins that interacted directly or indirectly with NSMF
were identified and were functionally annotated using
DAVID (24). A Bonferroni stepdown test was applied, and
only GO terms and pathways with P values < 0.05 were
considered for analysis. IPA software version 01-08 (Qi-
agen Bioinformatics) was used for annotations and path-
way analyses. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via
the PRIDE (25) partner repository with the dataset iden-
tifier PXD (PXD021942)

Cell cycle analysis

NSMF WT and KO HeLa cells were treated with 2 mM
HU or 20 nM CPT. After 24 h, cells were washed and fresh
medium was added. Cells were harvested every 2 h after ad-
dition of fresh medium for 18 h. For each sample, cells were
detached with trypsin-EDTA and fixed in cold 70% ethanol
overnight at -20°C. Fixed cells were washed, treated with
RNase A and stained with propidium iodide for 4 h at 4°C.
Data analysis and acquisition were evaluated using a Novo-
Cyte Flow Cytometer (ACEA Biosciences, Inc., San Diego,
CA) with NovoExpress software.

Laser microirradiation and imaging of cells

For laser microirradiation, cells were grown on 35 mm glass
bottom dishes (MatTek Corporation, Ashland, MA). Laser
microirradiation was carried out using a Nikon Al laser
microdissection system equipped with a 37°C chamber and
CO; module (Nikon, Tokyo, Japan). Selected regions were
microirradiated for 20 iterations with a fixed wavelength ul-
traviolet A laser (405 nm) with 100% power to induce local-
ized DNA breaks. For GFP or mCherry-tagged proteins,

time-lapse images were acquired at 10 s time intervals af-
ter laser microirradiation. The fluorescent intensities on the
laser strips were recorded with NIS elements C software
(Nikon) and analyzed with ImageJ software. The fluores-
cence values for >10 cells from three independent experi-
ments were normalized to the original signal and plotted as
fluorescence versus time using GraphPad Prism software.

For immunostaining, cells were fixed with 3%
paraformaldehyde for 10min and permeabilized with
0.5% Triton X-100 in PBS for 5min at room temper-
ature. Samples were blocked with 5% goat serum and
then incubated with primary antibody for 1 h. Fixed cells
were incubated with the indicated antibodies diluted in
PBS supplemented with 10% fetal bovine serum at 4°C
overnight. After three washes with 0.05% Triton X-100
in PBS, fluorescent-conjugated secondary antibodies
(Thermo Fisher Scientific) were added and incubated
for 30 min. Cells were mounted using ProLong® Gold
antifade reagent (Vector Laboratories, Burlingame, CA).
Confocal images were acquired with an LSM880 confocal
microscope (Carl Zeiss, Oberkochen, Germany). Image
acquisition and analysis were performed with ZEN2.1
software.

Cell survival assay

One-hundred or two-hundred NSMF WT or KO HeLa
cells in a 30 mm diameter plate were treated with the indi-
cated doses of DNA damaging agents. After 14 d, cells were
washed with PBS, fixed and stained with 2% (w/v) methy-
lene blue. Images of colonies with defined scales were ana-
lyzed in ImageJ to determine the area of each colony.

Homologous recombination assay

The homologous recombination assay was performed as de-
scribed previously with some adaptations (18). U20S DR-
GFP cells were treated with the indicated siRNAs in 24-well
plates, and after 24 h, they were transfected with 0.4 pg of
I-Scel per well. Seventy-two hours after I-Scel transfection,
cells were trypsinized, and the percentages of GFP positive
cells were determined by flow cytometry. The paired r-test
was performed for statistical analysis.

DNA end resection assay

Quantification of DNA end resection assay was performed
as described previously (26). Genomic DNA was extracted
from AsiSI-ER-U20S cells transfected with the indicated
siRNAs. The cells were trypsinized, centrifuged and resus-
pended with 37°C 0.6% low-gelling point agarose in PBS
at a concentration of 1.2 x 107 cells/ml. A 50 wl cell sus-
pension was dropped on a piece of parafilm to generate a
solidified agar ball, which was then transferred to a 2 ml
tube. The agar ball was treated with 1 ml of ESP buffer (0.5
M EDTA, 2% N-lauroylsarcosine, 1 mg/ml proteinase-K,
1 mM CacCl,, pH 8.0) for 20 h at 16°C with rotation, fol-
lowed by treatment with 1 ml of HS buffer (1.85 M NaCl,
0.15M KCl, 5mM MgCl,, 2 mM EDTA, 4 mM Tris, 0.5%
Triton X-100, pH 7.5) for 20 h at 16°C with rotation. Af-
ter washing with 1 ml of PBS (Sigma) for 6 h at 4°C with
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rotation, the agar ball was melted by placing the tube in
a 68°C heat block for 10 min. The melted sample was di-
luted 15-fold with 68°C ddH20O. The DNA was then di-
gested with restriction enzymes (HindIII for a negative con-
trol and BsrGlI (for measuring resection). The level of ssD-
NAs generated by DNA end resection at the specific AsiSI
sites (DSBs) was evaluated by qPCR using the primers and
probes shown in Supplementary Table S1. The percentage
of ssDNA (ssDNA%) generated by resection at the DSBs
was determined as previously described (27). Briefly, for
each sample, a AC; value was calculated by subtracting
the C; value of the mock-digested sample from the C; value
of the digested sample. The ssDNA% was calculated with
the following equation: ssDNA% = 1/(2(ACy — 1) + 0.5) x
100 (28).

Analysis of metaphase chromosomes

For chromosomal analysis, cells were incubated with
1 pg/ml colcemid for 4 h and then metaphase cells were
harvested by trypsinization. The cells were incubated in
75mM KCI for 15 min at 37°C and then fixed twice with
methanol:acetic acid (3:1). Cells were dropped onto glass
microscope slides, aged and then stained with 5% Giemsa.
Images were acquired using a fluorescence microscope
(BX53; Olympus, Tokyo, Japan). At least 35 metaphase cells
were chosen at random for each condition analyzed. The
unpaired z-test was performed for statistical analysis.

DNA fiber combing analysis

DNA combing analysis was performed as described previ-
ously (29). To analyze HU-induced deceleration of RF pro-
gression, cells were pre-labeled with 100 pM CldU for 20
min and then washed with media three times. After wash-
ing, cells were treated with 2 mM HU for 2 h. Cells were
washed again and then incubated in fresh medium contain-
ing 250 pM IdU for 30 min. To analyze CPT-induced de-
celeration of RF progression, cells were pre-labeled with
100 wM CIdU for 30 min, washed and labeled with 250
pM IdU for 30 min with or without 1 pM CPT. Cells
were harvested by trypsinization and embedded in a low-
melting agarose plug at a density of 4 x 10° cells/plug.
The plugs were lysed in lysis buffer (100 mM EDTA, 1%
N-lauroyl-sarcosine, 10 mM Tris-Cl pH 8.0, 1 mg/ml pro-
teinase K), melted at 68°C for 20 min in the presence of
0.5 M 2-(N-morpholino)-ethanesulfonic acid (pH 5.5) and
B-agarase, and cooled to 42°C. After B-agarase digestion,
DNA was combed on PBS containing 0.1% Tween@®) 20,
Alexa Fluor@®)-conjugated secondary antibodies (Thermo
Fisher Scientific) were added, and the mixture was incu-
bated for 60 min at room temperature (RT). Slides were
mounted using ProLong®) Gold antifade reagent (Vector
Laboratories). Confocal images were acquired with an Axio
Observer 7 (Carl Zeiss). Image acquisition and analysis
were performed with ImagelJ software.

v-Irradiation and mouse survival analysis

To determine the sensitivity to irradiation, Nsmf +/+ and
Nsmf-/- mice (12 weeks old, male) were exposed to a sin-
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gle 7 Gy dose of whole body +y-irradiation using a Gamma-
cell 3000 Elan, a cesium-137 gamma animal irradiator (Best
Theratronics, Ottawa, ON, Canada). After irradiation, sur-
vival was monitored by daily inspection. Kaplan—-Meier sur-
vival curves and the log-rank test were used to analyze sur-
vival rates.

Erythrocyte micronucleus assay

We performed a micronucleus assay as described previously
(30). Briefly, Nsmf+/+ and Nsmf-/- mice (6 weeks old,
male) were treated with 100 mg/kg HU or were exposed to
1 Gy of y-irradiation using a cesium-137 gamma animal ir-
radiator (Best Theratronics). Fifty milliliters of peripheral
blood was collected from the retro-orbital sinus before irra-
diation and every 24 h after irradiation for 3 d. The blood
was transferred into a tube containing 300 ml heparin so-
lution on ice, fixed with pre-cooled (-80°C) methanol and
stored at -80°C for at least 12 h. Samples were then stained
with anti-CD71-FITC (cat# 11-0711-85; Invitrogen) and
propidium iodide and analyzed using a FACSVerse flow cy-
tometer and BD FACSuite software (BD Biosciences). Data
analysis was performed using FlowJo software.

Quantification and statistical analysis

Statistical analysis was performed using Prism 8 (GraphPad
Software, San Diego, CA). The Student’s r-test was used
to compare two data groups with normal distributions and
similar variances. Multiple group comparisons were per-
formed using one-way ANOVA. Technical and biological
triplicates of each experiment were performed. P values <
0.05 were considered statistically significant.

RESULTS

NSMF is a novel binding partner of CDCSL in the DNA dam-
age response (DDR) network

To investigate the biological functions of NSMF in other
tissues, we affinity-purified proteins that interact with
NSMF in a HEK293T cell line overexpressing S-FLAG-
streptavidin binding peptide (SFB)-tagged NSMF and an-
alyzed them by mass spectrometry. After subtracting non-
specific binding proteins, we identified 355 proteins that
specifically interacted with NSMF (Figure 1A). Functional-
enrichment analysis of the NSMF interactome using inge-
nuity pathway analysis (IPA) revealed several distinct clus-
ters of functionally related proteins and multi-protein com-
plexes involved in 11 pathways, including the G,/M DNA
damage checkpoint, nucleotide excision repair (NER),
and ataxia telangiectasia mutated (ATM) signaling path-
ways, which are all involved in DNA damage repair (Fig-
ure 1B,C). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis using Database for Annotation,
Visualization and Integrated Discovery (DAVID) also re-
vealed enrichment of a number of pathways involved in
RNA and DNA metabolism, including the spliceosome, ri-
bosome biogenesis, RNA transport, RNA polymerase and
DNA replication (Supplementary Figure S1).
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Figure 1. NSMF is identified as a novel CDC5L-binding protein. (A) Heat map representing the spectral count of NSMF-associated proteins identified by a
1D proteomics screen in HEK293T cells. The normalized enrichment of the unique peptide counts with control beads is shown for proteins with >9 unique
peptide counts out of a total of 335 identified proteins. CDCS5L and its binding partners PRPF19, SPF27 and PLRGI, which form the PRP19/CDC5L
complex, are shown in red. (B) IPA canonical pathway enrichment analysis of the 335 proteins identified as NSMF-binding proteins. The DDR path-
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(D) The interaction between exogenous NSMF and exogenous CDC5L. Cell extracts from HEK293T cells expressing SFB-NSMF and Myc-CDCS5L were
immunoprecipitated with anti-Flag beads and analyzed by immunoblotting with the indicated antibodies. (E) The interaction between exogenous NSMF
and endogenous CDCSL. Cell extracts from HEK293T cells expressing SFB-NSMF were immunoprecipitated with anti-Flag beads and analyzed by im-
munoblotting with the indicated antibodies. (F) The interaction between endogenous NSMF and endogenous CDCSL. Cell extracts from HeLa cells were
immunoprecipitated using control IgG or anti-NSMF antibodies and analyzed by immunoblotting with the indicated antibodies. (G and H) Schema of
NSMF WT and NSMF deletion mutants used to identify the minimal region of NSMF required for interaction with CDCS5L. (G) Schematic diagram of
the NSMF deletion mutants. Boxes indicate the nuclear localization signal (NLS). (H) Cell extracts from HEK293T cells expressing either Flag-NSMF
WT or a Flag-NSMF deletion mutant and Myc-CDC5L were immunoprecipitated with an anti-Myc antibody and analyzed by immunoblotting with the
indicated antibodies. (I and J) Schema of Myc-CDC5L WT and Myc-CDCS5L deletion mutants used to identify the minimal region of CDCS5L required for
interaction with NSMF. (I) Schematic diagram of the CDCS5L deletion mutants. The boxes represent the Myb domain, the CDC5p/cefl domain and the
NLS. (J) HEK293T cells were transfected with Myc-CDCSL WT or a Myc-CDCS5L deletion mutant and Flag-NSME. Cell lysates were immunoprecipitated
with anti-Flag antibody and analyzed by immunoblotting with the indicated antibodies.



The interactome analysis indicated that CDCS5L binds
strongly to NSMF. Other PRP19/CDC5L complex compo-
nents that were identified as NSMF-binding proteins (Fig-
ure 1A) included PRPF19, SPF27 and pleiotropic regula-
tor 1 (PLRG1), which functions as a ubiquitin ligase dur-
ing the DDR (31,32). Although multiple additional DDR
factors were identified as NSMF-binding proteins (Figure
1A), we focused on the interaction between NSMF and
CDCSL to investigate the functional role of NSMF in the
DDR. We used immunoprecipitation to confirm the inter-
action between NSMF and CDCSL in cells overexpress-
ing both SFB-NSMF and Myc-CDCS5L (Figure 1D) or
SFB-NSMF alone (Figure 1E). We also confirmed that
endogenous NSMF binds CDCS5L (Figure 1F). To iden-
tify the regions of NSMF required for CDCS5L binding,
we generated a series of Flag-tagged NSMF-deletion mu-
tants (NSMF-D1 to NSMF-DS5; Figure 1G), cotransfected
cells with each mutant and Myc-CDCS5L, and performed
co-immunoprecipitation (Figure 1H). Full-length NSMF
(NSMF WT), NSMF-D1 and NSMF-D2 interacted with
CDCS5L, whereas NSMF-D3, NSMF-D4 and NSMF-D5
did not, indicating that amino acids 250-523 of NSMF are
required for CDCS5L binding (Figure 1H). We also con-
structed a series of CDCS5L-deletion mutants (CDCS5L-D1
to CDCS5L-D4) and used them in co-immunoprecipitation
assays to determine the regions of CDCSL required for
NSMF binding (Figure 1I). The co-immunoprecipitation
results suggested that the C-terminal region of CDCS5L
(residues 655-795) interacts with NSMF (Figure 1J). To-
gether with the interactome results, these data demonstrate
that NSMF is a novel binding partner of CDCS5L and may
be involved in the DDR.

The central region of NSMF is required for translocation to
DNA lesions

The PRP19/CDCS5L complex localizes to DNA lesions
(32). NSMF binding to CDCS5L suggests that NSMF might
also translocate to sites of DNA damage. To test this, we
evaluated NSMF localization in HeLa cells before and af-
ter inducing DNA damage by laser microirradiation. En-
richment of GFP-NSMF at DNA lesions occurred rapidly,
peaked within seconds, and diminished after ~15 min (Sup-
plementary Figure S2A). Furthermore, GFP-NSMF colo-
calized with y H2AX, which is also enriched at DNA lesions
(Supplementary Figure S2B) (33). To test whether NSMF
and CDCS5L colocalize at DNA lesions, we monitored the
localization of GFP-NSMF and mCherry-CDCS5L in co-
transfected HeLa cells. We found that GFP-NSMF and
mCherry-CDCS5L rapidly translocated with similar kinet-
ics to sites of DNA damage (Figure 2A). NSMF also ac-
cumulated on chromatin treated with the DNA-damaging
agents hydroxyurea (HU) and camptothecin (CPT; Figure
2B). To investigate the recruitment of NSMF to DNA repli-
cation sites, we examined NSMF cellular localization fol-
lowing replication stress. NSMF localization was apparent
at RPA foci after 2 h of HU treatment and reached a maxi-
mum after 10 h (Figure 2C and Supplementary Figure S2C).

To determine the specific regions of NSMF that are re-
sponsible for translocation to sites of DNA damage, we
analyzed the accumulation of GFP-tagged NSMF-deletion
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mutants at DNA lesions over time (Figure 2D). Although
the accumulation of NSMF-D1, NSMF-D2 and NSMF-
D5 was reduced by ~60% compared with that of NSMF
WT, those mutants retained some ability to localize at DNA
lesions. By contrast, NSMF-D4 completely lost its ability to
be recruited to DNA lesions, and NSMF-D3 was recruited
slowly and weakly in comparison with the other mutants.
These results indicate that the central residues (250-402)
of NSMF are responsible for CDCS5L interaction and for
NSMF recruitment to sites of DNA damage (Figure 2D).

We next asked whether CDCSL affects NSMF recruit-
ment to sites of DNA damage. We found that CDCS5L-
knockdown cells showed a clear reduction in NSMF
translocation to DNA lesions (Figure 2G). To determine
whether NSMF-D3 and NSMF-D4 mutants were unable to
localize to DNA lesions because of altered protein confor-
mation, we tested the ability of the central region of NSMF
alone (NSMF-A3A4, residues 250402, Figure 2E) to local-
ize to DNA lesions. We found that this region was able to
localize to DNA lesions, indicating that the protein confor-
mation was sufficiently maintained for localization to occur
after deletion of the other parts of NSMF (Figure 2F).

Next, to determine whether NSMF recruitment to DNA
lesions depends on other known DDR pathways, we tested
NSMF recruitment in the presence inhibitors of ATM ki-
nase, ATR kinase, DNA-dependent protein kinase (DNA-
PK) and poly (ADP-ribose) polymerase (PARP). The
PARPI inhibitor olaparib strongly inhibited NSMF re-
cruitment to DNA lesions, wherecas ATM, ATR and DNA-
PK inhibitors did not (Supplementary Figure S2D). Consis-
tently, NSMF recruitment to DNA lesions was impaired in
PARP1 KO HEK?293T cells (Supplementary Figure S2E).
PARP inhibition also reduced CDCS5L translocation to
DNA lesions (Supplementary Figure S2F). Collectively,
these data demonstrate that NSMF-CDCSL complexes
translocate to sites of DNA damage in a PARP1-dependent
manner.

NSMF is involved in the replication stress response

To explore the role of NSMF during the DDR, we gen-
erated an NSMF KO cell line using CRISPR/Cas9. We
confirmed the KO by direct sequencing and the resulting
loss of NSMF expression by western blot (Figure 3A and
Supplementary Figure S3A,B). RPA2 is phosphorylated at
multiple sites, including Ser33, Ser4/Ser8 and Thr21, in re-
sponse to DNA damage (34,35). We therefore examined
whether NSMF affects RPA2 phosphorylation upon repli-
cation stress. In response to HU-induced replication stress,
RPA2 foci were slightly reduced, and phospho-RPA2 foci
were dramatically reduced, in NSMF KO cells compared
with those in NSMF WT cells (Figure 3B-F). Consistently,
in response to HU or CPT treatment, phosphorylation of
RPA2 Ser33 and Ser4/Ser8 was reduced by ~50% in the
chromatin fractions of NSMF KO cells compared with that
in WT cells (Figure 3G,H). In addition, CHK1 phospho-
rylation induced by HU or CPT was reduced in NSMF
KO cells compared with that in WT cells (Supplementary
Figure S3C,D). To confirm that the reduced RPA2 phos-
phorylation was due solely to the loss of NSMF, we cre-
ated a complemented NSMF KO strain that expresses Flag-
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Figure 3. NSMF is involved in the replication stress response. (A) The NMSF gene was deleted from HeLa cells using CRISPR /Cas9. Expression of
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NSMF WT (NSMF KO#2). We found that Flag-NSMF
expression restored HU-induced RPA2 phosphorylation in
the chromatin fraction of the NSMF KO#2 cells (Supple-
mentary Figure S3E,F).

In addition to replication stress, phosphorylation of
RPA2 and CHK1 in response to ATR activation is triggered
by a broad spectrum of DNA damage, including double-
strand break (DSB). To examine whether NSMF is involved
in DSB repair, we performed a homologous recombination
(HR) reporter assay using a direct repeat (DR)-GFP re-
porter system in which expression of I-Scel endonuclease
generates a DSB that knocks out GFP expression, which
is restored when the break is repaired by HR (36). NSMF
knockdown with three different siRNAs decreased the frac-
tion of GFP-positive DR-GFP cells, suggesting that NSMF
participates in HR for DSB repair (Supplementary Figure
S3G). Next, we performed a quantitative resection assay
using an AsiSI-ER-U2O0S reporter system to measure the
effect of NSMF on ssDNA production (26). Knockdown
of NSMF reduced DNA end resection at AsiSI-induced
DSBs to a level similar to that achieved by depletion of
CtIP, the key HR cofactor for the essential catalytic en-
zyme MREI11 (Supplementary Figure S3H, I). Because de-
fects in the DDR to replication stress leads to increased
genomic instability and susceptibility to genotoxic agents,
we next tested whether NSMF deficiency sensitizes cells
to HU and CPT, which block DNA replication. We found
that NSMF KO cells were hypersensitive to CPT and HU
compared with WT cells (Figure 31,J and Supplementary
Figure S3J,K). These results suggest that NSMF regulates
RPA2 phosphorylation in response to replication stress and
is therefore important for cell survival.

NSMF is important for RF progression under replication
stress

Regulation of RPA function is critical to activate ATR sig-
naling in order to stabilize and protect stalled RFs dur-
ing replication stress. Because NSMF regulates RPA2 phos-
phorylation during replication stress, we investigated the ef-
fects of NSMF function in the replication stress response.
In the absence of replication stress, the cell-cycle profiles
of NSMF KO cells and WT cells did not differ (Figure
4A). However, when the cells were exposed to replication
stress induced by HU or CPT, the progression of S phase
was delayed in NSMF KO cells compared with that in WT
cells (Figure 4B and Supplementary Figure S4A). To test
whether restart of stalled RFs during replication stress is
altered in NSMF KO cells, we performed a DNA combing
assay. We found that NSMF KO cells exhibited defective
RF restart in the absence of HU and exposure to HU fur-
ther increased the number stalled forks in NSMF KO cells
compared with that in WT cells (Figure 4C-E). In addition,
adding back Flag-NSMF to NSMF KO cells restored RF
restart rates to WT levels (Figure 4C-E).

Next, to evaluate whether NSMF participates in RF pro-
gression, we measured the newly synthesized track length of
RFs under replication stresses. The replication track length
after HU or CPT treatment was significantly shorter in
NSMF KO cells than in WT cells (Supplementary Fig-
ure S4B-G). We also observed that adding back NSMF to

NSMF KO cells restored the rate of RF progression to a
level comparable to that of WT cells (Supplementary Fig-
ure S4B,C and F,G). To further dissect role of NSMF in RF
progression, we investigated whether depletion of NSMF
affects the speed of RF restart by DNA fiber analysis, mea-
suring fork restart at 10 min intervals after release from 2 h
of HU treatment (Figure 4F). NSMF KO cells displayed re-
duced rates of RF restart and increased numbers of stopped
folks, both of which were restored upon addback of WT
NSMF (Figure 4G). These results demonstrate that NSMF
KO caused the restart of stalled RFs at DNA lesions to fail
or be delayed, which would be expected to impede the re-
covery of RFs from replication stress.

NSMEF regulates RPA2/ATRIP-ATR complex formation in
response to replication stress

To determine the mechanism of NSMF function dur-
ing replication stress, we asked whether NSMF recruits
DDR factors to RPA-ssDNA. First, we evaluated recruit-
ment of the ATRIP-ATR complex to RPA-ssDNA in
response to replication stress. We found that compared
with WT cells, NSMF KO cells displayed slower recruit-
ment of GFP-ATRIP to laser-induced DNA lesions and
reduced ATRIP-ATR accumulation on chromatin in re-
sponse to HU treatment (Figure 5A,B). Complementation
by mCherry-NSMF WT, but not by the NSMF-D4 mutant
defective in localization to DNA lesions, restored the re-
cruitment of GFP-ATRIP in NSMF KO cells (Figure 5C).
Consistently, expression of NSMF WT, but not the NSMF
D4 mutant, rescued HU-induced RPA phosphorylation in
NSMF-depleted cells (Supplementary Figure S5A). These
results suggest that NSMF plays an important role in the
recruitment of ATRIP-ATR complexes to DNA lesions for
ATR activation.

ATRIP recognizes DNA lesions through interactions
with RPA-ssDNA complexes (37). Therefore, we hypoth-
esized that NSMF would interact with ATRIP and/or
RPA2. Consistent with our hypothesis, we observed en-
dogenous interactions between NSMF and ATRIP or
RPA2 in HeLa-cell lysates by co-immunoprecipitation (Fig-
ure 5D,E). To identify the specific region of NSMF that
binds with ATRIP or RPA2, we overexpressed WT or
mutant FLAG-NSMF along with GFP-ATRIP or Myc-
RPA2 and then performed immunoprecipitation. We found
that the NSMF-D2 mutant lacking amino acids 75-238
of WT NSMF, which are well conserved across differ-
ent species (Supplementary Figure S5B), failed to inter-
act with ATRIP-ATR complex or with RPA2 (Figure
SF-H). To further narrow down the binding region, we
generated three additional deletion mutants: NSMF D2-
I, NSMF D2-2 and NSMF D2-3 (Supplementary Fig-
ure S5C). Co-immunoprecipitation results with these mu-
tants suggested that amino acids 188-238 of NSMF are
crucial for binding to ATRIP-ATR complex and RPA2
(Supplementary Figure S5D). Furthermore, we found that
the interaction between RPA2 and ATRIP was dramati-
cally reduced in NSMF KO cells (Figure 5I). Collectively,
these results suggest that NSMF modulates RPA2 and
ATRIP-ATR complex formation in response to replication
stress.
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Figure 4. NSMF is important for recovery from replication stress. (A) Basal cell-cycle profiles of NSMF WT and KO cells were measured by flow cytometry.
(B) Effect of NSMF on cell-cycle progression after HU treatment. NMSF WT and KO cells were treated with 2 mM HU for up to 24 h, transferred to fresh
media and harvested at the indicted times. The cells were stained with propidium iodide (PI) and subjected to fluorescence-activated cell sorting (FACS)
analysis for DNA content analysis. Cell-cycle profiles and relative distributions (percent of total) of G1, S and G2-M phases are shown. (C-E) WT, NSMF
KO or NSMF KO cells complemented with Flag-NSMF were labeled with CIdU for 20 min, incubated with or without 2mM HU for 2 h, and labeled with
IdU for 30 min. DNA fiber images were captured using Axio Observer (Carl Zeiss). (C) Representative images of replication tracts. (D and E) Percentages
of stalled (D) and restarted (E) replication forks were calculated and graphed. Data represent the mean = SEM from two independent experiments; P <
0.05, " P < 0.01. (F) WT cells, NSMF KO cells or NSMF KO cells complemented with Flag-NSMF were labeled with CldU for 20 min, incubated with
2mM HU for 2 h and labeled with IdU for the indicated times. DNA fiber images were captured using Axio Observer (Carl Zeiss). (G) Percentages of
restarted and stopped forks were calculated and graphed. Data represent the mean + SEM from two independent experiments. ** P < 0.01, " P < 0.0001.
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Figure 5. NSMF directs recruitment of ATRIP-ATR to DNA lesions by mediating the interaction between RPA2 and ATRIP-ATR. (A) NSMF WT and
KO HelLa cells were transfected with GFP-ATRIP expression plasmids. After 24 h, the cells were microirradiated, and recruitment of GFP-ATRIP to
DNA lesions was examined by live cell imaging. (B) NSMF WT and KO HeLa cells were treated with or without 2 mM HU for 16 h. The cells were
fractionated, and the chromatin-bound protein fraction was subjected to western blot with the indicated antibodies. (C) Cotransfection of GFP-ATRIP
with the mCherry-vec, mCherry-NSMF-WT or mCherry-NSMF-D4 mutant plasmid in NSMF KO#1 and KO#2 HeLa cells. After 24 h, the transfected
cells were microirradiated, and recruitment of ATRIP and NSMF to DNA lesions was examined by live cell imaging. (D and E) HeLa-cell lysates were
immunoprecipitated with anti-IgG, anti-ATRIP or anti-RPA2 antibodies. Endogenous interactions between NSMF and ATRIP or RPA2 were determined
by western blot with the indicated antibodies. (F and G) HEK293T cells were cotransfected with a Flag-NSMF-deletion mutant and either GFP-ATRIP
or Myc-RPA2. Immunoprecipitation using an anti-FLAG antibody and western blot with the indicated antibodies were performed to identify the NSMF
regions that interact with ATRIP (F) or RPA2 (G). (H) HEK293T cells were transfected with GFP-ATRIP or Myc-RPA2 and either FLAG-NSMF WT
or FLAG-NSMF D2. Immunoprecipitation with an anti-FLAG antibody and western blot with the indicated antibodies were performed. (I) Endogenous
RPA2 in NSMF WT and KO HeLa-cell lysates was immunoprecipitated with anti-RPA2 antibody, and western blot with the indicated antibodies was
performed.



NSMF mediates RPA2 ubiquitination under replication
stress

The multiple interactions of NSMF with PRP19/CDCS5L,
ATR/ATRIP and RPA2 suggest that NSMF may mediate
formation of RPA complexes with other proteins. We found
that NSMF depletion attenuated the CDCSL/ATR interac-
tion (Figure 6A). PRP19/CDCS5L ubiquitinates RPA2 for
ATR activation (32). Therefore, we checked the ubiquiti-
nation status of RPA2 in response to replication stress af-
ter silencing NSMF expression. In agreement with previ-
ous results, ubiquitination of RPA2 increased in response to
HU treatment; however, NSMF deficiency led to a signifi-
cant reduction in HU-induced RPA2 ubiquitination (Fig-
ure 6B,C). In addition, upon HU treatment, NSMF ex-
pression increased lysine-63-mediated RPA2 ubiquitination
(Figure 6D,E). These results suggest that NSMF mediates
RPA complex formation with PRP19/CDCS5L and ATR to
facilitate RPA2 ubiquitination in the replication stress path-
way.

Two E3 ligases for RPA2, RFWD3 and PRP19, have been
reported (32,38). We investigated the impacts of RFWD?3
and PRP19 on RPA2 ubiquitination by combinatorial de-
pletion. Knockdown of PRP19 or RFWD3 alone reduced
RPA ubiquitination (Supplementary Figure S6A, B), and
combinational depletion of both ligases further reduced
RPA ubiquitination in an additive manner (Supplementary
Figure S6C). Although RFWD3 depletion inhibited RPA2
ubiquitination more than PRP19 depletion did, both E3 lig-
ases contributed to RPA2 ubiquitination. Together, these
results suggest that NSMF is important for RPA ubiqui-
tination in response to replication stress.

NSMEF is important for genome maintenance and survival af-
ter DNA damage in vivo

To investigate the role of NSMF in the DDR pathway in
vivo, we generated an NSMF KO mouse (Figure 7A-D).
We found that NSMF is expressed in many mouse tissues,
including the brain (Supplementary Figure S7A). Next, we
confirmed that NSMF KO results in defective interaction
between RPA2 and ATRIP in mouse embryonic fibrob-
lasts (MEFs; Figure 7E). Compared with WT cells, NSMF-
deficient MEF cells and NSMF KO HeLa cells exhibited
increased chromosomal instability that increased further
upon HU treatment (Figure 7F,G; Supplementary Figure
S7B,C). We also counted the number of erythrocytes with
micronuclei after HU treatment because micronuclei repre-
sent abnormal mitotic cell division in hematopoietic cells
due to unrepaired chromosomal breaks. We found that the
percentage of micronucleated reticulocytes increased after
intraperitoneal injection of 100 mg/kg HU and peaked at
48 h after HU injection (Figure 71). The NSMF KO mice ex-
hibited a higher number of micronuclei compared with WT
mice, suggesting increased genomic instability in the ab-
sence of NSMF (Figure 7H,I). Similarly, the percentage of
micronucleated reticulocytes increased in NSMF KO mice
after 1 Gy of ionizing radiation (IR) treatment (Supplemen-
tary Figure S7TD,E). Furthermore, after exposure to 7 Gy of
IR, NSMF KO mice had significantly shorter lifespans than
WT mice, indicating that NSMF is important for the repair
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of IR-induced DNA damage and survival (Supplementary
Figure S7F).

DISCUSSION

In response to DNA replication stress, multiple DDR pro-
teins are recruited to RFs to coordinate DNA replication
and repair precisely, spatially and temporally. RPA-coated
ssDNA recruits and activates DDR signaling through
ATR/ATRIP, RADI17, RAD9 and TopBP1. Thus, proper
assembly and modification of RPA-coated ssDNA is im-
portant for tight regulation of the ATR kinase-signaling
pathway. In response to DNA damage, the RPA complex
at the RF functions as a signaling hub to drive multi-
ple post-translational modifications, such as phosphoryla-
tion, SUMOylation and ubiquitination, all of which dif-
ferentially coordinate and regulate checkpoint and DDR
pathways spatially and temporally (39). Despite their im-
portance, the proteins that interact with RPA-ssDNA, as
well as the regulation of the post-translational modifica-
tions that coordinate the DDR to replication stress, are
poorly understood. We identified NSMF as a key regula-
tor of RPA-dependent ATR signaling that promotes the
restart and progression of stalled RFs during replication
stress. NSMF rapidly translocates to DNA lesions and acts
as a scaffold to bridge the interactions among RPA, CDC5L
and ATR/ATRIP in order to modulate phosphorylation
and ubiquitination of RPA2 for ATR signaling in response
to DNA replication stress.

We found that NSMF regulates formation of the RPA
complex for activation of ATR and the replication stress
response. This conclusion is strongly supported by data
showing that NSMF translocates to sites of DNA dam-
age and forms complexes with CDCSL, ATRIP and
RPA2. NSMF promotes the interaction between RPA2 and
ATR/ATRIP and recruits ATR/ATRIP to DNA lesions re-
sulting from replication stress (Figure 5). Recruitment of
the ATR/ATRIP-kinase and PRP19/CDC5L-ligase com-
plexes induced phosphorylation and ubiquitination of
RPA, modifications that have been shown to be capable of
functional crosstalk (40). ATR/ATRIP-induced phospho-
rylation of RPA promotes PRP19 recruitment onto RPA-
ssDNA, and PRP19 exerts its ubiquitin ligase activity on
the RPA-ssDNA platform to further facilitate recruitment
of ATR-ATRIP and autophosphorylation of ATR. This
positive feedback phosphorylation—ubiquitination cascade
facilitates full ATR activation for RF protection, genome
maintenance and cell survival (32,38). NSMF deficiency
reduced RPA2 phosphorylation and ubiquitination, im-
paired ATR activation, and caused defects in stalled RF
restart and progression. NSMF stabilizes ATR /ATRIP and
PRP19/CDCS5L complexes on RPA-ssDNA to modulate
the RPA phosphorylation—ubiquitination cascade that ac-
tivates ATR signaling (Figure 7J).

Our results show that rapid recruitment of NSMF and
CDCS5L to sites of DNA damage is dependent on PARP1
(Figure 2). PARPI-mediated PARylation is a critical event
early in the response to DNA damage. The formation of
PAR chain remodeling complexes causes condensed chro-
matin to switch to an open conformation, providing a dock-
ing platform for the ordered recruitment of DNA repair fac-
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Figure 6. NSMF mediates RPA2 ubiquitination. (A) Endogenous ATR in NSMF WT or KO HeLa cell lysates was immunoprecipitated with anti-ATR
antibody and western blotting with the indicated antibodies was performed. (B) NSMF WT and KO HelLa cells were transfected with Myc-RAP2 and
HA-ubiquitin and were treated with or without 2 mM HU for 3 h. Cells were lysed in denaturing conditions, diluted and ubiquitinated proteins were
immunoprecipitated with anti-HA antibody and subjected to western blotting with the indicated antibodies. (C) NSMF WT and KO HeLa cells transfected
with HA-ubiquitin were treated with or without 2 mM HU for 3 h. Cells were lysed in denaturing conditions, diluted, and ubiquitinated proteins were
immunoprecipitated with anti-HA antibody. Endogenous RPA2 ubiquitination was detected by immunoblotting with the indicated antibodies. (D) HeLa
cells transfected with HA-ubiquitin and Flag-NSMF were treated with or without 2 mM HU for 3 h. Cells were lysed in denaturing conditions, diluted,
ubiquitinated proteins were immunoprecipitated with anti-HA antibody, and RPA2 ubiquitination was detected by immunoblotting with the indicated
antibodies. (E) HeLa cells transfected with Myc-RPA2 and Flag-NSMF, plus the WT, lysine mutant K48R, or K63R form of HA-ubiquitin, were treated
with or without 2 mM HU for 3 h. Cells were lysed in denaturing conditions, diluted and ubiquitinated proteins and immunoprecipitated with anti-HA
antibody. RPA2 ubiquitination was detected by immunoblotting with the indicated antibodies.



Nucleic Acids Research, 2021, Vol. 49, No. 10 5619

Generation of NSMF knock mouse NSMF genotype NSMF genotype

Nsmyt™1a(KOMP)WIsi -+ - - A+ -

Synthetic cassette - * = nsw na»NSMF
4 !
-Actin
:FMP—

C E _NSVF MEF

s e -
» 100
815 L G-ATRIP
5 1P:RPA2| o |
3 RPA2
210 - -
g 1007 = . ATRIP
€05 .w
2 35—
] Cell s -RPA2
% 0.0 lysates
AAAAAR AAAAAR © -4 4 63— NSMF
[(ls ecz | [ neo | =
NSMF MEF : -
3 s —
@
&
DMSO 29 2 o ooo amp
st
£8
Tt
Es
58
£ 1{ oo o
<
\ P e
N \§ ’ 4 .‘" 5 ' °
~ L
HU . D v e RN v NSMF MEF :  +/+ - ++ -
T N + 3 % DMSO  2mM HU 24h —
£ i o ’ release 24h
~4 Tl 58
) - Pl .
o\ ¥
H Time after HU (100mglkg) (hr)
0 24 48 72
#4 RET MN-RET | | RET MN-RET |« | RET MN-RET | . | RET MN-RET
0.87 6.34E-3 1.02 0.01 117 0.022 243 0.038
NSMF +/+
w W ' w?
7 - * MN-NCE & \; MN-NCE o i MN-NCE
MN-NCE | , ;g 3 5 iR 3 o H
019 ggs 0.19 Q'BC;, 0.25 0.19
Wt RET MN-RET | ] RET MN-RET | MN-RET| MN-RET
1.70 7.41E-3 202 0.019 0.043 0.051
S MNNCE * MN-NCE| *MNNCE| " MN-NCE
0.17 0.14 0.18 043

(P=0.0473)

——
127 eNSMF +/+ (N=7) .
©NSMF -/~ (N=6)

. . ATRIP ™
oo

é; i RPA  RPA

. ol

®

4

Relative % of MN-RET

.
o o 2
G F
0 24 48 72
Time (hr)
HU (100mg/kg), One-way ANOVA

Figure 7. NSMF participates in genome maintenance and mouse survival in response to in vivo DNA damage. (A) Diagram describing generation of the
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two-way analysis of variance, * P = 0.047. (J) Diagram showing that NSMF mediates recruitment of ATRIP/ATR and PRP19/CDCSL to repair stalled
RFs.
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tors (41). Upon detection of DNA damage, PARPI is acti-
vated rapidly and can synthesize long PAR chains within
10 s (42,43). Similarly to PARP1, NSMF and CDCS5L were
rapidly recruited to sites of DNA damage within 10 s (Fig-
ure 2). PARPI inhibition prevents the recruitment of DNA
repair factors and interferes with DNA replication, fork
stalling and lead replication-fork collapse (44). PARPI1-
dependent rapid and transient recruitment of NSMF and
CDCSL to DNA lesions supports our notion that NSMF
recruits signaling molecules to regulate ATR signaling at an
early stage of the replication stress response.

In this study, we showed the two ligases PRP19 and
RFWD3 contributed to ubiquitination of RPA2 in re-
sponse to replication stress. Interestingly, we observed that
NSMF depletion reduced accumulation of both PRP19 and
RFWD3 on chromatin in response to HU treatment. Fur-
thermore, interactions of RPA2 with RFWD3 and PRP19
were decreased in NSMF-depleted cells (data not shown).
It is possible that depletion of NSMF may cause significant
changes in replisome architecture and reduce the associa-
tion of the PRP19 and RFWD3 complex with RPA.

NSMF depletion dramatically reduced ATRIP associa-
tion with RPA (Figure 5I) but reduced ATR-specific phos-
phorylation of RPA S33 by only 60%. Phosphorylation of
multiple sites of RPA by various kinases such as ATR,
ATM, DNA-PK and CDK is interconnected through pro-
cesses such as priming. In fact, these kinases phosphory-
late a large number of partially overlapping substrates and
collaboratively regulate downstream targets (45). It is there-
fore possible that other kinases can compensate for the ab-
sence of ATR to achieve RPA phosphorylation. TopBP1-
mediated and ETAA1-mediated pathways function in par-
allel to activate ATR signaling in response to replication
stress (6,7,46). Both the TopBP1 pathway and the ETAAI
pathway are dependent on RPA-coated ssDNA for ATR ac-
tivation in mammalian cells. Because NSMF forms com-
plexes with ATRIP/ATR and PRP-19/CDC5L on RPA-
ssDNA to modulate ATR activation, NSMF may also in-
teract with upstream regulators of the ATR activation path-
way. It is important to determine which pathway NSMF is
involved in for ATR activation.

ATR kinase functions as a master regulator that directs
DNA damage-specific signaling cascades via direct phos-
phorylation of downstream effector proteins in the DDR
pathway. ATR is critical for ensuring the fidelity of DNA
replication in response to replication-associated damage by
preventing RF collapse, promoting the restart of stalled
forks, and suppressing new origin firing. Consistent with
the role of ATR, NSMF depletion inhibits RF progression
and cell-cycle progression and increases the sensitivity of
cells to HU and CPT. Although ATR is primarily a repli-
cation stress-response kinase, it is activated by DSBs and
other types of DNA damage (47). We demonstrated that
NSMF depletion causes defects in HR repair and DNA
end resection (Supplementary Figure S3G-I). In addition
to HU treatment, we found that NSMF KO in mice caused
increased genomic sensitivity to +y-irradiation and shorter
lifespans compared with those in WT mice, suggesting that
NSMF regulates ATR activation at any DSB or ssDNA at
stalled forks, regardless of how these arise (Supplementary
Figure S7TD-F).

Most NSMF studies have focused on neuronal functions,
although NSMF is expressed in other tissues the including
kidney, liver, lung and heart (Supplementary Figure S7A).
The cellular and molecular functions of NSMF in those tis-
sues are unclear, however (9,17). Using quantitative mass
spectrometry analysis of NSMF interactomes, we found
that NSMF is an important regulatory factor in the repli-
cation stress response. Under replication stress, NSMF de-
ficiency caused defects in stalled RF restart and RF pro-
gression (Figure 4) and hypersensitivity to RF-blocking
and DNA-damaging agents (Figure 31,J), indicating the
importance of NSMF in repairing RF-associated DNA
damage. Deletion of proteins in the ATR signaling path-
way, including ATR, ATRIP, RAD17, TopBP1 or ETAAL,
caused complete or partial embryonic lethality (46,48,49),
although NSMF KO mice were viable, fertile and appeared
normal. Recently, zinc finger protein 161 (ZFP161) was
found to act as a scaffold to promote the association be-
tween RPA2 and the ATR/ATRIP complex for ATR acti-
vation (50). Because NSMF and ZFP161 appear to act in a
similar manner, it is possible that ZFP161 and NSMF work
redundantly to regulate ATR activation. It is possible that
these two proteins function in parallel, distinct pathways
to regulate ATR activation in response to various replica-
tion stresses. Abnormal regulation of replication-stress sig-
naling is associated with cancer and other human diseases.
Inhibition of ATR kinase has shown promise as a therapeu-
tic approach in cancer treatment, exacerbating oncogene-
induced replication stress to specifically sensitize cancer
cells to DNA damage (51,52). NSMF is less important un-
der normal growth conditions, but it is an important DDR
factor for survival and genome maintenance under stress-
ful conditions with increased DNA damage. Further stud-
ies are needed to elucidate the role of NSMF in cancer and
other diseases linked to the replication stress response.

In summary, we demonstrated that NSMF is a regula-
tor of the DNA replication stress response. In response
to replication stress, NSMF promotes cell survival and
genome maintenance by functioning as a scaffold pro-
tein to bridge the RPA complex with ATP/ATRIP and
PRP19/CDCSL, resulting in ATR activation through the
RPA phosphorylation-ubiquitination cascade.
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