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Abstract 

Cancer cells precisely modulate replication stress to sustain genomic instability without triggering lethal DNA damage, yet regulators enabling this 
delicate balance remain largely unkno wn. Here, w e identify N-meth yl-D-aspartate receptor synaptonuclear signaling and neuronal migration factor 
(NSMF) as a no v el and critical regulator of replication stress in colorectal cancer (CRC). NSMF expression is significantly elevated in CRC tissues 
and correlates closely with ele v ated replication stress. In Apc Min/ + mouse models, Nsmf knockout selectively induces replication-dependent 
DNA damage in tumor tissues, suppressing tumor growth and prolonging survival, without harming normal tissues. Mechanistically, NSMF 
deficiency impairs replication fork progression under stress conditions, resulting in DNA damage accumulation, growth arrest, and senescence. 
Con v ersely, NSMF o v ere xpression pro vides resistance to oncogene-induced replication stress, enabling cancer cells to e v ade senescence and 
sustain proliferation. These findings establish NSMF as an essential safeguard against lethal replication stress and highlight its potential as a 
promising therapeutic target for CRC treatment. 
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ccurate and complete DNA replication is essential for cel-
ular proliferation and genome stability. To ensure fidelity,
NA replication is a highly regulated and complex process
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replication forks, thereby compromising genome integrity
[ 1 ]. Multiple factors contribute to replication stress, includ-
ing nucleotide depletion, transcription–replication conflicts,
difficult-to-replicate genomic regions, and aberrant firing of
replication origins [ 2 –6 ]. Cells typically mitigate replication
stress by activating DNA damage response (DDR) pathways,
specialized networks of proteins that detect and resolve repli-
cation obstacles to restore fork progression [ 7 , 8 ]. When these
protective mechanisms are overwhelmed or impaired, unre-
solved replication stress leads to both focal and large-scale
genetic alterations—such as point mutations, chromosomal
rearrangements, and aneuploidy—which are hallmarks of ge-
nomic instability that drive cancer initiation and progression
[ 9 –13 ]. 

Cancer cells inherently experience elevated replication
stress due to genetic alterations disrupting DNA replication
and repair balance. In colorectal cancer (CRC), mutations in
key oncogenes and tumor suppressors, such as APC, KRAS,
MYC, and PIK3CA, drive tumor progression by promot-
ing uncontrolled proliferation, thereby increasing replication
stress. Concurrent mutations in DDR genes, such as TP53,
BR CA1/2, A TM, A TR, and mismatch repair (MMR) compo-
nents, further impair the cell’s ability to alleviate replication
stress, reinforcing genomic instability . Consequently , CRC ex-
emplifies a cancer type where chronic replication stress signif-
icantly influences tumor initiation and progression [ 14 –16 ].
However, replication stress functions as a double-edged sword
in cancer. While moderate levels promote tumor evolution
and malignant progression, excessive stress induces detrimen-
tal DNA damage, proliferation arrest, and cell death. Indeed,
early tumorigenic events such as oncogene activation or tumor
suppressor loss initially trigger severe replication stress, pro-
voking apoptosis or senescence as intrinsic protective mech-
anisms that limit tumor growth [ 17 –19 ]. To sustain growth
and survival, cancer cells must precisely calibrate replica-
tion stress—leveraging its oncogenic advantages while pre-
venting excessive damage that compromises viability. Given
the essential role of replication stress balance in cancer cell
survival, therapeutic strategies that either exacerbate repli-
cation stress or interfere with stress tolerance mechanisms
have shown potential to selectively eliminate tumor cells [ 2 ,
20 ]. Conventional chemotherapeutic agents, such as nucle-
oside analogs (e.g. gemcitabine) and DNA-damaging agents
(e.g. cisplatin), increase replication stress beyond tolerable
thresholds; however, their clinical utility is often limited by
low selectivity and significant systemic toxicities [ 2 ]. To over-
come these limitations, recent therapeutic development has
focused on targeting cancer-specific regulators of replication
stress tolerance, notably DDR kinases such as ATR, CHK1,
and WEE [ 21 –26 ]. Nonetheless, these kinase inhibitors face
ongoing challenges, including therapeutic resistance and dose-
limiting toxicities in normal tissues [ 24 ]. Thus, identifying
tumor-specific regulators that precisely modulate the replica-
tion stress response is crucial for understanding how cancer
cells adapt to replication-associated challenges and for devel-
oping precision therapies that exploit these vulnerabilities. 

In this study, we investigated factors critical for manag-
ing replication stress, essential for cancer cell survival and
proliferation. N-methyl-D-aspartate receptor synaptonuclear
signaling and neuronal migration factor (NSMF), originally
characterized in neuronal development and Kallmann syn-
drome, has recently been implicated in the DDR [ 27 –29 ]. We
demonstrated that NSMF physically interacts with replica-
tion protein A2 (RPA2), facilitating its recruitment to single- 
stranded DNA (ssDNA) and stabilizing the RPA–ssDNA com- 
plex, which is essential for protecting exposed DNA strands 
and recruiting DDR proteins [ 30 , 31 ]. Loss of NSMF disrupts 
ATR signaling and DNA repair increasing sensitivity to repli- 
cation stress-inducing agents such as hydroxyurea and ion- 
izing radiation [ 30 ]. Despite these insights, NSMF’s specific 
functional role in cancer has remained largely unexplored. 

Here, we extend the established biochemical role of NSMF 

into the pathological context of CR C. W e demonstrate that 
NSMF fine-tunes replication stress in the setting of oncogenic 
pressure, preventing catastrophic DNA damage while allow- 
ing the level of genomic instability that fuels CRC develop- 
ment. Through integrated analyses of CRC patient specimens,
cellular models, and CRC mouse model, we identify NSMF as 
a cancer-specific dependency and a potential therapeutic vul- 
nerability. These findings suggest that targeting NSMF may 
offer a selective strategy to impair CRC cell survival without 
compromising normal tissue integrity. 

Materials and methods 

Cell culture 

The normal colon-derived cell line CCD-18Co, human CRC 

cell lines HCT116, and the human lung fibroblast cell line 
IMR-90 were obtained from the American Type Culture Col- 
lection (ATCC, Manassas, VA). Human CRC cell lines LS513,
SNU-407, RK O , DLD-1, SW620, and SW480 were acquired 

from the Korean Cell Line Bank (KCLB, Korea). All cell lines 
were maintained under the recommended culture conditions 
specified by the respective suppliers. All commercial cell lines 
were authenticated by the suppliers and routinely tested for 
Mycoplasma contamination in the laboratory. 

Antibodies and reagents 

The following primary antibodies were used for west- 
ern blot Antibodies against NSMF (Aviva System Biology,
Cat# OAAN03468), γH2AX (Cell Signaling Technology,
Cat# 9718), β-Actin (GeneTex, Cat# GTX629630), GAPDH 

(Santa Cruz, Cat# sc-32233), α-T ubulin (GeneT ex, Cat# 

GTX112141), H2B (Millipore, Cat# 07-371), pT1989-ATR 

(Cell Signaling Technology, Cat# 30632), ATR (Santa Cruz,
Cat# sc-515173), pS345-CHK1 (Cell Signaling Technology,
Cat# 2348), pS317-CHK1 (Cell Signaling Technology, Cat# 

2344), CHK1 (Santa Cruz, Cat# sc-8408), pS33-RPA2 (Bethyl 
Laboratories Inc., Cat# A300-246A), RPA2 (Bethyl Laborato- 
ries Inc., Cat# A300-244A), p16 

∧ INK4A (Cell Signaling Tech- 
nology, Cat# 80 772), p21 Waf1/Cip1 (Cell Signaling Technol- 
ogy, Cat# 2947), Ras (Cell Signaling Technology, Cat# 14412),
Cyclin D1 (Cell Signaling Technology, Cat# 2978), PARP (Cell 
Signaling Technology, Cat# 9532), Cleaved PARP (Cell Signal- 
ing Technology, Cat# 9541), Caspase 3 (Cell Signaling Tech- 
nology, Cat# 9662), and Cleaved Caspase 3 (Cell Signaling 
Technology, Cat# 9661). Antibodies against Ki-67 (Abcam,
Cat# 16667), Cleaved Caspase 3 (Cell Signaling Technology,
Cat# 9661), and γH2AX (Cell Signaling Technology, Cat# 

9718) were used for immunohistochemical staining. Antibod- 
ies against pS33-RPA2 (Bethyl Laboratories Inc., Cat# A300- 
246A) and γH2AX (Sigma–Aldrich, Cat# 05-636) were used 

for immunofluorescence analysis. 
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NAi-based knockdown and ectopic expression 

xperiments 

or lentiviral-mediated NSMF knockdown, specific lentivi-
al expression vectors targeting human NSMF (NSMF#1:
igma–Aldrich, TRCN0000165475; NSMF#2: Sigma–
ldrich, TRCN000016551) or a non-silencing control
lasmid (pLK O .1-puro, Sigma–Aldrich, Cat# SHC002) were
sed. Recombinant and control lentiviruses were produced
y co-transfecting 293T cells with VSVG and delta 8.9
ackaging plasmids using Lipofectamine 2000 Reagent (In-
itrogen, 11668019). Lentiviral particles were harvested from
he conditioned medium at 24 and 48 h post-transfection,
ollowed by centrifugation to remove cells and debris and
ltration through a 0.45- μm filter. HCT116 cells (2 × 10 

5 per
ell in six-well plates) were transduced with 0.5 ml of viral

uspension containing 4 μg/ml Polybrene (Sigma–Aldrich)
or 24 h. Puromycin-resistant clones (2 μg/ml) were selected
sing the limiting dilution method. The efficiency of NSMF
nockdown was validated by quantitative polymerase chain
eaction (PCR) and western blot analysis. 

For siRNA-mediated NSMF knockdown, cancer cell lines
ere transfected with either non-targeting siRNA (Bioneer,
orea, #SN-1002) or NSMF -targeting siRNAs (NSMF#1:
TCA GA CGTTGCTCA GGTT; NSMF#2: CA GA TGA TC-
A GA CGTA CT). HCT116 cells were seeded at 2 × 10 

5 cells
er well in six-well plates and incubated for 24 h before trans-
ection. The NSMF -specific siRNA was diluted to a final con-
entration of 10 nM in 100 μl OptiMEM (Gibco), mixed with
 μl Lipofectamine RNAiMAX (Invitrogen, 13778150) pre-
iluted in 100 μl OptiMEM. After washing with 1 ml Opti-
EM, cells were incubated with the siRNA-containing mix-

ure for 6 h, followed by an additional 42-h culture in fresh
edium. A scrambled non-silencing siRNA duplex (siCTRL)
as used as a control. Knockdown efficiency was assessed 48
 post-transfection. 
The H-Ras G12V viral vector was obtained from Addgene

#22262). To generate the GFP-tagged NSMF viral vector,
n N-terminal GFP fusion was inserted into the NSMF open
eading frame and cloned into the pReceiver-Lv105 lentivi-
al vector (Genecopoeia). For oncogene-induced senescence,
MR-90 cells were seeded at 5 × 10 

5 cells per 100-mm dish
nd incubated for 24 h before transduction with lentiviruses
ncoding GFP-NSMF or GFP-vector, as described above. Af-
er 24 h, the medium was replaced with fresh G418-containing
edium (200 μg/ml) and maintained for 3 days. The cells were

hen infected with either control or Ras G12V lentivirus for 24
, followed by selection in puromycin-containing medium (2
g/ml) for 2 days. 

roliferation assay 

ell proliferation was assessed by directly measuring changes
n cell number over time. For cell counting assays, triplicate
liquots of 1 × 10 

4 cells from each clone and a control cell
ine were seeded on 12-well plates. At 24-h intervals, cells were
arvested by trypsinization, counted on a cell counter (Invit-
ogen), and normalized to the initial (day 0) cell counts. 

olony formation assays 

ells were plated at a density of 1 × 10 

3 cells per well in 12-
ell culture plate in triplicate and allowed to adhere for 24
 before treatments. For drug treatment, small-molecule in-
ibitors (Olaparib, VE-821, and Rabusertib) were used at con-
centrations ranging from 0.5 to 4 μM for 72 h, with equivalent
volumes of the vehicle (DMSO, ≤0.1%) used as controls. Af-
ter 3 days of drug treatment, the medium was replaced with
fresh inhibitor-free medium, and cells were allowed to growth
for an additional 3 days before analysis. For siRNA exper-
iments, cells were transfected with NSMF or control siRNA
using Lipofectamine RNAiMAX (Invitrogen) according to the
manufacture’s protocol. After transfection, cells were incu-
bated for 6 days before further analysis. Colonies were washed
with 1 × phosphate buffered saline (PBS), fixed with forma-
lin, and stained with 0.5% (w/v) crystal violet solution. Plates
were rinsed with tap water, and images were captured using
a digital scanner. n. Image analysis was performed using Im-
ageJ software (v1.54f), and EC50 values were calculated using
GraphPad Prisim (Version 8). 

S A- β- g alactosidase staining 

Senescence-associated β-galactosidase (SA- β-gal) staining
was performed using the Senescence β-Galactosidase Staining
Kit (Cell Signaling Technology #9860) following the manufac-
turer’s instructions. Briefly, growth media were removed, and
the cells were rinsed once with 1 × PBS (2 ml for a six-well
plate). Cells were then fixed with 1 ml of 1 × Fixative Solution
for 10–15 min at room temperature. After fixation, the cells
were rinsed twice with 1 × PBS. At this point, plates could ei-
ther be used immediately for staining or stored in 1 × PBS at
4 

◦C overnight, covered. Next, 1 ml of β-Galactosidase Stain-
ing Solution was added to each well, ensuring proper prepa-
ration as per the kit protocol. Plates were sealed with parafilm
to prevent evaporation, which could lead to crystal formation,
and incubated at 37 

◦C in a dry, CO 2 -free incubator overnight
to allow color development. The absence of CO 2 was criti-
cal to maintain the solution’s pH and ensure reliable staining.
After incubation, cells were examined under a microscope at
200 × magnification for blue staining, indicative of senescence.
For long-term storage, the staining solution was removed, and
the cells were overlaid with 70% glycerol and stored at 4 

◦C.
The percentage of senescent cells was calculated by quantify-
ing blue-stained cells relative to the total cell count. 

Flow cytometry 

Cells were counted, plated, and allowed to adhere overnight.
The next day, bromodeoxyuridine (BrdU) was added to the
medium for 1 h, after which the cells were collected and
fixed according to manufacturer’s protocol (BD Biosciences,
#552598). Samples were analyzed in duplicate using a Novo-
Cyte flow cytometer (Agilent), and data were processed with
FlowJo software (BD Biosciences) to determine G1, S, and
G2/M populations. 

Annexin V staining was performed using the FITC An-
nexin V Apoptosis Detection Kit (Invitrogen, #BMS500FI) ac-
cording to the manufacturer’s instructions. After the indicated
treatment, cells were washed twice with ice-cold PBS and re-
suspended at 1 × 10 

6 cells per ml in 1 × binding buffer pro-
vided in the kit. The 100 μl of cell suspension (containing 1 ×
10 

5 cells) were transferred to a 5 ml round-bottom tube. Then,
5 μl of FITC Annexin V and 5 μl of PI staining solution were
added to each tube, followed by gently vortexing and incuba-
tion for 15 min at room temperature in the dark. Finally, 400
μl of 1 × binding buffer was added to each tube. Stained cells
were analyzed using the NovoCyte flow cytometer (Agilent). 
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DNA fiber assay 

DNA combing analysis was performed as previously de-
scribed [ 32 ], with minor modifications. Briefly, cells were
pulse-labeled with 100 μM CldU (5-chloro-2 

′ -deoxyuridine,
Sigma–Aldrich, C6891) for 30 min, followed by 250 μM IdU
(5-iodo-2 

′ -deoxyuridine, Sigma–Aldrich, I7125) for 30 min,
with or without hydroxyurea (HU; 2 mM, Sigma–Aldrich,
H8627) treatment. Cell were collected by trypsinization and
embedded into low-melting agarose (Bio-Rad 161-3112), fol-
lowed by DNA extraction. To stretch the DNA fibers, 22 mm
× 22 mm silanized coverslips (Genomic Vision) were dipped
into the DNA solution for 13 min and pulled out a con-
stant speed (300 μm/s). Coverslips were baked for 4 h at
60 

◦C and incubated with acid for denaturation. CldU- and
IdU-labeled DNA tracts were detected by rat anti-BrdU an-
tibody (1:50–1:100, detects BrdU and CldU; Abcam, 6326)
and mouse anti-BrdU antibody (1:10–1:50, detects BrdU and
IdU; Becton Dickinson 347580) for 2 h at room temperature.
Coverslips were fixed in 4% paraformaldehyde/PBS and in-
cubated for 1 h at room temperature with Alexa Fluor 488-
conjuagated goat anti-rat antibody (1:100, A21208; Molec-
ular Probes/Thermo Fisher) or Alexa Fluor 568-conjugated
goat anti-mouse antibody (dilution 1:100, A21124; Molecu-
lar Probes/Thermo Fisher). Finally, coverslips were mounted
with ProLong ® Gold Antifade Reagent (Molecular Probes)
and stored at −20 

◦C. Images were acquired with an Axio Ob-
server 7 (Carl Zeiss) and ApoTome2 (63 × objective lens), and
at least 200 DNA fibers were analyzed per experiment. Image
acquisition and analysis were performed using ImageJ soft-
ware program. 

RNA extraction and qRT-PCR analysis 

Total RNA was extracted using TRIzol reagent (Invitrogen)
to evaluate expression of NSMF and senescence-associated
secretory phenotype (SASP)-related genes. Complementary
DNA (cDNA) was synthesized using the cDNA Reverse Tran-
scription Kit (Applied Biosystems, #4368814), and quanti-
tative PCR (qPCR) was performed using the SYBR ® Green
I Master mix (Roche) on the LightCycler 480 (Roche) in-
strument. The primer sequences used for qPCR are listed in
Supplementary Table S1 . All experiments were performed in
biological and technical triplicates. Relative fold differences in
expression levels were determined using the � Ct method, and
all reactions were normalized to β-actin as a reference gene. 

Mouse models 

All animal care and experiments were conducted in strict ac-
cordance with the Guide for the Care and Use of Laboratory
Animals from the In Vivo Research Center at UNIST. All pro-
cedures involving animals were approved by the Institutional
Animal Care and Use Committee (IACUC) at Ulsan National
Institute of Science and Technology (UNIST) (Protocol No.
UNISTIACUC-22-24). All mice used in this study were of the
C57BL/6 background and were housed in colony cages un-
der specific pathogen-free conditions. Environment parame-
ters were maintained at a temperature of 21–23 

◦C, relative
humidity of 50%–60%, and a 12-h light/12-h dark cycle. Only
male mice were used in experiments, and food and water were
provided ad libitum. 

To generate CRC model, NSMF knockout (KO) mice
(C57BL/6N- Nsmf tm1a(KOMP)Wtsi ) were crossed with Apc min/ +

mice, which were purchased from The Jackson Labora-
tory. Nsmf + / −; Apc min/ + were then intercrossed to generate 
Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice. Genotyping 
was performed using the following primer sequences: Nsmf- A: 
5 

′ -GGC CCT GAG GTT ATT GAT GC-3 

′ ; Nsmf -B: 5 

′ -GCT 

TGG CTT GAG GTG GTC TC-3 

′ ; Nsmf -C: 5 

′ -TCG TGG 

T A T CGT T A T GCG CC-3 

′ ; Apc WT: 5 

′ -GCC ATC CCT TCA
CGT TAG-3 

′ ; Apc Min: 5 

′ -TTC TGA GAA A GA CA G AA G 

TTA-3 

′ ; Apc- common: 5-TTC CAC TTT GGC ATA AGG C- 
3 

′ . Mouse survival was continuously monitored for 60 weeks,
and Kaplan–Meier survival curves were generated to assess 
overall survival. Mice were sacrificed at 16 and 20 weeks of 
age for transcriptome analysis and examine tumor formation 

assessment in intestine, respectively. 

Primary MEF preparation and replicative 

senescence 

Primary mouse embryonic fibroblasts (MEFs) were prepared 

according to the standard protocol [ 30 ]. Briefly, MEFs iso- 
lated from NSMF WT and KO mouse embryos at embryonic 
day 14.5 (E14.5) and plated at a density sufficient to achieve 
∼50% confluence, which was designated as passage 0 (P0).
Cells were subsequently passaged every 3 days. MEFs exhib- 
ited active proliferation for up to four passages but ceased di- 
vision at late passages. Senescence markers and SASP factors 
were measured at passage 6. 

Histology and immunohistochemistry 

Tissues were fixed in 4% paraformaldehyde (PFA), dehy- 
drated in ethanol, and embedded in paraffin. Sections were 
subjected to hematoxylin and eosin (H&E) and immunohisto- 
chemical (IHC) staining. For horseradish peroxidase (HRP)- 
DAB staining, 4- μm-thick formalin-fixed paraffin-embedded 

mouse tumors sections were deparaffinized, rehydrated and 

subjected to antigen retrieval using 10 mM sodium citrate 
buffer (pH 6.0). After blocking, sections were incubated 

with primary antibody overnight at 4 

◦C. Immunostaining 
was performed using a rabbit-specific horseradish peroxi- 
dase/diaminobenzidine (HRP-DAB) detection IHC kit (Ab- 
cam, Ab64261) according to the manufacturer’s instructions.
After staining, sections were washed in running tap wa- 
ter, lightly counterstained with hematoxylin, dehydrated, and 

mounted using Micromount (Leica, 3801731). Sections were 
imaged with dotSlide (Olympus), image acquisition and anal- 
ysis were performed using QuPath software (version.0.5.1). 

Human tissue specimens and ethics statement 

Histologically confirmed from CRC tissue adjacent non- 
tumor tissue was collected with informed patient consent, as 
approved by the Institutional Review Board of Asan Medical 
Center (IRB No. 2020-0969). Colonic mucosa and primary 
CRC tissue specimens were obtained during surgical resection 

at Asan Medical Center, Seoul, Korea. The use of patient tis- 
sues for research purposes was authorized by the local ethics 
committee of Asan Medical Center. All analyses were con- 
ducted anonymously, and written informed consent was ob- 
tained from all donors. 

Immunofluorescence 

Cells were grown on coverslips and harvested at 60%–70% 

confluency for immunofluorescent staining and GFP-tagging 
protein detection. For chromatin-bound RPA detection, cells 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
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ere first extracted with CSK buffer with 0.1% (vol/vol) Tri-
on X-100 for 3 min on ice, washed with CSK buffer lack-
ng Triton X-100, and fixed with 4% PFA for 20 min. Cells
hen blocked with 5% BSA, 0.25% Triton X-100 in PBS. For
H2AX detection, cells were fixed in 4% PFA in PBS for 10
in at RT, washed with PBS, and permeabilized with 0.25%
riton X-100 in PBS. Cells were blocked for 1 h in block-

ng buffer (3% BSA, 0.1% Tween-20 in PBS) and incubated
ith primary antibodies overnight at 4 

◦C. After washing with
 × PBS, cells were incubated with fluorescent-conjugated sec-
ndary antibodies (Alexa Fluor 488 or 594, Thermo Fisher
cientific) for 1 h at RT. The slides were washed and mounted
sing Prolong Gold Anti-Fade mounting medium (Thermo
isher Scientific). Nuclei were counterstained with DAPI. Im-
ges were acquired using a LSM 980N confocal microscope
Carl Zeiss) with 63 × oil objective (1.46 NA) and analyzed
sing ImageJ software. 

estern blot analysis 

rotein samples were extracted using radioimmunoprecipita-
ion assay buffer (RIPA buffer, Thermo Fisher Scientific) sup-
lemented with a protease and phosphatase inhibitors cock-
ail (Thermo Fisher Scientific). Protein concentrations were
easured using the bicinchoninic acid assay (Thermo Fisher

cientific). Samples were denatured by heating at 95 

◦C for 5
in, after which the equal amounts of protein were loaded
nto 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel
lectrophoresis for electrophoresis and subsequently trans-
erred to PVDF membrane (Millipore) for blotting. Mem-
ranes were blocked with 5% skim milk in Tris-buffered
aline containing 0.1% Tween 20 (TBS-T) for 30 min at room
emperature. Membranes were incubated with primary anti-
odies diluted in TBS-T overnight at 4 

◦C, followed by incu-
ation with HRP-conjugated anti-rabbit or anti-mouse sec-
ndary antibodies (1:5000 dilution; Seracare) for 1 h at room
emperature. Immunoreactive bands were detected using an
nhanced chemiluminescent (ECL) detection reagent (Cytiva,
PN2106) and visualized with the ChemiDoc imaging system

Bio-Rad). Band intensities were quantified using ImageJ soft-
are. 

hromatin fractionation analysis 

ollected cells were washed in cold PBS and resuspended in
ETN buffer at 4 

◦C for 30 min. Crude cell lysates were cen-
rifuged at 13 000 rpm at 4 

◦C for 10 min, and the pellet was
esuspended in 0.2 N HCl. Samples were incubated with rock-
ng at 4 

◦C for 1 h, and followed by centrifugation at 13 000
pm at 4 

◦C for 10 min. The chromatin-containing fraction
as neutralized with 1 M Tris–HCl (pH 8.0) and prepared

or western blotting. The chromatin fraction was boiled with
 × SDS sample buffer at 95 

◦C for 10 min. Histone 2B (H2B)
erved as a control for the chromatic fraction. 

urine intestinal organoid culture 

s previously reported [ 33 ] and briefly summarized here,
mall intestines were harvested, washed with cold PBS, opened
aterally, and cut into 3- to 5-mm fragments. The tissue pieces
ere washed multiple times with cold PBS until no visi-
le debris remained. To isolate epithelial crypt structures,
he fragments were incubated with Gentle Cell Dissociation
eagent (STEMCELL Technologies) following the manufac-

urer’s protocol. The resulting crypt suspensions were counted
and embedded in growth factor-reduced Matrigel (Corn-
ing, #356231). Organoids were maintained in IntestiCult
Mouse Organoid Growth Medium (STEMCELL Technolo-
gies, #06005) under standard culture conditions. The com-
plete protocol is available at www.stemcell.com/technical-
resources/area- of- inteerest/organoid- research.html . 

Bulk RNA sequencing and analysis 

Total RNA was extracted from mouse normal colonic tissue
or adenomas using Trizol Reagent (Invitrogen, Carlsbad, CA),
following the manufacturer’s guidelines. RNA quantity was
measured using the Qubit HS RNA assay (Thermo Fisher
Scientific), and RNA integrity was assessed using the Frag-
ment Analyzer HS NGS assay (AATI). Library preparation
was performed using the MGIEasy RNA Directional Library
Prep Kit (MGI, Shenzhen, China), and paired-end sequenc-
ing (150 bp) was conducted on a DNBSEQ-T7 platform,
following the manufacturer’s protocol. For RNA sequencing
data processing, adapter sequences were removed using Cu-
tadapt(v2.9), reads were quality-filtered using Trimmomatic
(v0.39), which scanned reads from the 5 

′ end and discarded
those shorter than 36 bases. The filtered reads in fastQ files
were then aligned to the mouse reference genome (M26) with
Ensembl v103 annotations using STAR (v2.6.1). Gene quan-
tification was performed using RSEM (v1.3.1) in conjunction
with STAR, both operating with default parameters [ 34 –36 ].
For downstream analysis, normalized gene count data were
generated using the DESeq2 normalization method, focusing
on coding genes. Visualization of gene expression patterns, in-
cluding heatmaps, was performed using R Packages (v4.4.0).
Differential gene expression analysis was carried out using
DESeq2 [ 37 ]. Genes with | log 2 FC | > 0.5, P value < .05 were
selected. Volcano plots were generated using the R package
ggplot2, with points colored based on P value and log 2 fold-
change cutoffs. Gene set enrichment analysis (GSEA) was per-
formed using GSEA Software (v.4.3.2)[ 38 , 39 ] . Gene Ontol-
ogy (GO) analysis was conducted using the ICGC Data Portal
(v6.3.3) ( https:// dcc.icgc.org/ ), with enrichment analysis per-
formed against GO Molecular Function, GO Biological Pro-
cess and GO cellular component, using a P value threshold of
0.01. 

Replication stress signature scoring 

Replication stress signature scoring using 21 GO pathways
was performed as previously described [ 40 ]. DEGs were an-
alyzed in relation to GO terms using the R package dnet.
The replication stress signature was defined as genes that
were differentially expressed at least 1.5-fold in RNA-seq
and belonged to DDR and cell cycle control categories. For
each selected GO term, differential expression was performed
on TCGA-CO AD , Cancer Cell Line Encyclopedia (CCLE),
patient-derived, and mouse RNA-seq datasets. A composite
measure, termed the Replication Stress Score, was generated
by summing the individual scores from each selected GO path-
way. The full list of GO pathways and corresponding genes is
provided in Supplementary Table S2 . Signature scores for each
sample were computed using the genefu R package, which
generates pathway-level scores based on predefined gene sets
representing specific biological processes. This workflow was
used to define the replication stress signature for each dataset.
The same methodology was applied to bulk tumor datasets
to compute replication stress scores in patient samples. Code

http://www.stemcell.com/technical-resources/area-of-inteerest/organoid-research.html
https://dcc.icgc.org/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
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used for calculating the replication stress signature has been
deposited in GitHub ( https:// github.com/ nicesoung/ NSMF ). 

Analysis of NSMF expression in relation to 

genomic instability across cancers 

NSMF expression data (log-transformed FPKM + 1 values)
and genomic instability metrics were analyzed across 4315 tu-
mor samples representing multiple cancer types obtained from
The Cancer Genome Atlas (TCGA). Genomic instability was
quantified based on previously established genomic metrics,
including telomeric allelic imbalance, frequency of large-scale
genomic transitions, homologous recombination deficiency
(HRD)-associated loss of heterozygosity (LOH) frequency,
mutation burden per tumor, weighted genome integrity index,
and overall LOH frequency, acquired from the publicly avail-
able dataset [ 41 , 42 ]. Tumor samples were stratified into three
categories—low (below 25th percentile), medium (between
25th and 75th percentile), and high (above 75th percentile)—
for each genomic instability metric. Differences in NSMF ex-
pression levels among these stratified groups were statistically
evaluated using unpaired t -tests. 

Statistical analysis 

Standard statistical tests are indicated in the figure legends
of plots to which they apply. All plots were created us-
ing GraphPad Prism 8.0 software. Samples and experimen-
tal animals were randomly assigned to experimental groups.
Male mice of the same age were randomly assigned to the
various experimental groups. All data collection and analy-
sis procedures were conducted without blinding to the ex-
perimental conditions. Sample collection was also random-
ized. Image acquisition and quantification were performed
in a blinded manner. At least five randomly selected non-
overlapping fields per sample were analyzed. Data are ex-
pressed as the mean ± SD or SEM, box-and-whiskers plot,
or violin plot. Statistical significance was determined by a
multiple unpaired two-tailed Student’s t -test (for comparison
between two groups), ordinary one-way analysis of variance
(ANO VA) with Tukey’ s, Newman-Keuls, or Dunnett’s test (for
comparison among three or more groups), or a repeated mea-
sures two-way ANOVA followed by Tukey’s test (for compari-
son among groups with multiple time points) using GraphPad
Prism 8.0. No data point was excluded. P < .05 was consid-
ered statistically significant. Full P values are shown where
appropriate. 

Results 

NSMF is upregulated and associated with 

replication stress in colorectal cancer 

Replication stress arises from diverse sources and manifests in
multiple forms, and the regulatory mechanisms vary consid-
erably across different cellular contexts. Therefore, accurately
quantifying replication stress using a limited set of mark-
ers remains challenging [ 40 , 43 , 44 ]. To overcome this lim-
itation, recent studies developed transcription-based profil-
ing methods integrating genes related to DNA maintenance,
replication, and cell cycle regulation across 21 GO pathways
(844 genes), effectively quantifying replication stress in pan-
creatic cancer ( Supplementary Table S2 ) [ 40 ]. Using a simi-
lar profiling strategy, we assessed replication stress levels in
CRC samples from TCGA and found significantly elevated
replication stress scores compared to normal tissues, high- 
lighting replication stress as a prominent feature in CRC 

( Supplementary Fig. S1 A). Building on this observation, we 
designed a multi-step bioinformatics pipeline to systematically 
identify clinically relevant nuclear-localized factors that pos- 
itively modulate replication stress to facilitate CRC progres- 
sion (Fig. 1 A). First, correlation analysis of replication stress 
scores was performed using RNA expression data derived 

from 483 colorectal adenocarcinoma patient samples from 

TCGA and 70 CRC cell lines from the CCLE. This initial anal- 
ysis identified 3389 genes whose expression positively corre- 
lated with replication stress scores (average r > 0.2, P < .05).
Subsequently, we excluded known DDR-related genes already 
included in the replication stress scoring. Next, differential 
expression analysis revealed 394 genes significantly upregu- 
lated in CRC tissues compared to normal counterparts (Log 2 
FC > 0.5, P < .05). Among these candidates, we further pri- 
oritized 17 genes whose elevated expression was significantly 
associated with poor clinical prognosis (Fig. 1 A). Notably,
four of these genes, SNAI1, PAK6, YEATS2, and MORC2,
have been previously implicated in DNA damage regulation 

pathways in various cancers [ 45 –48 ]. Of particular interest,
NSMF emerged as a strong candidate, exhibiting significantly 
elevated expression in CRC tissues relative to normal colon 

tissues, and its expression was positively correlated with repli- 
cation stress scores (Fig. 1 B and C; Supplementary Fig. S1 B).
Analysis of 30 cancer cell types from the CCLE database con- 
firmed that CRC cells had the highest NSMF expression levels 
among cancer cell types examined ( Supplementary Fig. S1 C).
And protein-level validation by western blot analysis con- 
firmed that NSMF expression was substantially higher in CRC 

cell lines compared to the normal colon fibroblast line, CCD- 
18Co ( Supplementary Fig. S1 D). Importantly, elevated NSMF 

expression was not limited to CRC but was also observed 

broadly across other malignancies, including breast, lung, kid- 
ney, prostate, and melanoma, compared to their respective 
normal tissues ( Supplementary Fig. S1 E). Consistently, higher 
NSMF expression was significantly associated with poorer 
overall survival not only in CRC but also in breast and lung 
cancer patients (Fig. 1 D and Supplementary Fig. S1 F). No- 
tably, the increase in NSMF expression emerged as early as 
stage I and persisted across all CRC stages (Fig. 1 E). Further- 
more, high NSMF expression in early-stage tumors (stage I–
II), rather than in late-stage tumors (stage III–IV), was more 
strongly associated with poor patient prognosis, suggesting 
that NSMF induction occurs early during tumorigenesis and 

may play an important role in CRC development and pro- 
gression ( Supplementary Fig. S1 G). To experimentally vali- 
date these bioinformatics findings, we performed qRT-PCR 

in 36 paired CRC patient samples. NSMF messenger RNA 

(mRNA) levels were significantly elevated in 33 of the tumor 
samples compared with their matched adjacent normal tissues 
(Fig. 1 F). In addition, RNA sequencing analyses of an addi- 
tional five paired CRC samples confirmed increased NSMF 

expression together with higher replication stress scores in tu- 
mor tissues, revealing a strong positive correlation between 

the two parameters (Fig. 1 G–I). NSMF expression was higher 
in deficient MMR tumors than in proficient mismatch repair 
(pMMR) tumors, which are characterized by greater genomic 
instability ( Supplementary Fig. S1 H). Consistent with these 
transcriptomic findings, western blot analysis demonstrated 

markedly higher NSMF protein levels in CRC tissues, accom- 
panied by increased expression of the DNA damage marker 

https://github.com/nicesoung/NSMF
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
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Figure 1. NSMF expression correlates with replication stress and poor prognosis in CRC. ( A ) Schematic workflow for identifying candidate genes 
modulating replication stress to promote CRC progression. Seventeen candidate genes were selected based on positive correlation with replication 
stress score, ele v ated e xpression in tumors v ersus normal tissues, and association with poor prognosis. ( B ) NSMF mRNA e xpression in normal ( n = 41) 
and tumor samples ( n = 483) from TCGA-COAD dataset. Data are represented as box and whiskers plots using Tukey’s method or before-after plot. 
∗∗∗∗P < .0 0 01, unpaired t wo-t ailed Student’s t -test. ( C ) Correlation between NSMF expression and replication stress score in TCGA-COAD dataset. ( D ) 
Kaplan–Meier survival analysis of COAD patients stratified by NSMF expression level. ( E ) NSMF mRNA expression across pathological stages in 
TCGA-COAD dataset. Data are represented as box and whiskers plots using Tukey’s method. ∗∗∗∗P < .0 0 01, n.s., not significant, one-way ANO V A 

f ollo w ed b y Tuk e y’s HSD test. ( F ) qR T-PCR of NSMF mRNA le v el in matched normal-tumor pairs of 36 CR C patients. Data are represented as bo x and 
whiskers plots using Min to Max method. ∗∗∗∗P < .0 0 01, unpaired t wo-t ailed Student’s t -test. ( G –I ) RNA-seq analysis of five matched normal–tumor 
pairs from CRC patients. ( G ) Heatmap of DDR and cell cycle control gene sets used to compute replication stress score, showing upregulation in 
tumors. ( H ) Higher NSMF expression in tumors versus matched normals. ( I ) Positive correlation of NSMF expression with replication stress scores. ∗P < 

.05, unpaired t wo-t ailed Student’s t -test. ( J ) Immunoblot for NSMF and γH2AX proteins in paired normal ( N ) and tumor ( T ) CRC samples ( n = 12). Red 
highlights pairs indicate increased NSMF protein in tumors, quantified relative to β-actin by ImageJ. 
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H2AX compared with adjacent normal tissues (Fig. 1 J). Col-
ectively, these results demonstrate that NSMF is upregulated
n cancer tissues and strongly correlates with elevated replica-
ion stress, supporting the notion that NSMF functions as an
mportant regulator that may promote cancer progression by
odulating replication stress. 
 

 

 

Nsmf depletion suppresses colorectal 
tumorigenesis in Apc 

Min/ + mice 

Tight regulation of DNA replication and cell proliferation is
essential for normal development and physiological home-
ostasis. Accordingly, complete knockout of genes involved in
DNA replication and repair typically results in embryonic
lethality or severe developmental defects. To investigate the
physiological roles of NSMF in vivo , we generated and char-
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acterized complete Nsmf knockout mice. Efficient deletion of
NSMF in intestinal tissues was confirmed by qRT-PCR and
western blot analyses ( Supplementary Fig. S2 A and B). Consis-
tent with previous studies [ 49 ], Nsmf knockout mice remained
viable and fertile, exhibited normal litter sizes, Mendelian
inheritance ratios among homozygous ( −/ −), heterozygous
( + / −), and wild-type (WT, + / + ) offspring and showed no de-
tectable physiological abnormalities in body size, weight, lifes-
pan, or intestinal histology ( Supplementary Fig. S2 C-E). Ki-
67 staining further indicated normal proliferation in intestinal
crypts, demonstrating that NSMF is dispensable for maintain-
ing intestinal epithelial homeostasis ( Supplementary Fig. S2 F).

Next, to determine the role of NSMF specifically in col-
orectal tumorigenesis, we crossed Nsmf −/ − mice with Apc Min/ +

mice, a widely-used CRC model characterized by spontaneous
intestinal adenoma formation due to truncating mutations
in the Apc gene, similar to human CRCs [ 50 ]. Interestingly,
γH2AX levels were markedly elevated only in regions that had
developed into tumors, not in adjacent normal intestinal tis-
sues (Fig. 2 A). Likewise, Nsmf expression was specifically up-
regulated in these tumor-derived regions from Apc Min/ + mice
(Fig. 2 B). Despite no obvious effects on normal intestinal tis-
sues, Nsmf deficiency significantly suppressed adenomatous
polyp formation ( > 0.3 mm in diameter) in the small intestines
of Apc Min/ + mice (Fig. 2 C–E). Importantly, Nsmf -deficient
Apc Min/ + mice exhibited significantly prolonged median sur-
vival (59 days longer) compared to control Nsmf + / + ; Apc Min/ +

mice, indicative of delayed cancer progression and improved
clinical outcomes (Fig. 2 F). To understand the mechanisms un-
derlying reduced tumorigenesis, we analyzed tumor prolifera-
tion and apoptosis markers. Tumors from Nsmf- deficient mice
exhibited significantly decreased Ki-67 staining compared to
controls, demonstrating reduced tumor cell proliferation. In
contrast, apoptosis, as indicated by cleaved caspase-3 stain-
ing, was not significantly altered, suggesting NSMF primar-
ily supports tumor proliferation without significantly affect-
ing apoptosis (Fig. 2 G and H). 

Finally, to further validate these findings, we utilized an ex
vivo intestinal organoid model [ 51 ]. Small intestinal crypts
isolated from Nsmf + / + and Nsmf −/ − mice successfully devel-
oped into normal enteroids, characterized by stem cell-rich
budding crypt structures, confirming normal epithelial cell
proliferation in the absence of NSMF. However, when isolated
from Nsmf + / + ; Apc Min/ + mice, organoids progressively devel-
oped into tumor spheroids during successive passages. In con-
trast, organoids from Nsmf −/ −; Apc Min/ + mice showed signifi-
cantly impaired tumor spheroid formation, predominantly re-
taining normal enteroid structures (Fig. 2 I). Collectively, these
data robustly demonstrate that NSMF is essential for colorec-
tal tumor initiation and proliferation in vivo , with minimal
or no detectable impact on normal intestinal epithelial home-
ostasis. 

Increased replication stress and DNA damage in 

intestinal tumors of Nsmf knockout mice 

To investigate the molecular consequences of NSMF defi-
ciency in colorectal tumorigenesis, we analyzed mRNA ex-
pression profiles in intestinal adenomas and adjacent nor-
mal tissues from Apc Min / + mice with and without Nsmf dele-
tion. Adenomas from Nsmf −/ −; Apc Min/ + mice showed sub-
stantial changes in gene expression compared to adenomas
from Nsmf + / + mice, whereas adjacent normal tissues exhib-
ited minimal differences (Fig. 3 A). This suggests that Nsmf 
deletion has a more pronounced impact on tumor tissues than 

on surrounding normal tissues. Using criteria of Log 2 FC > 

0.5 ( P < .05), we identified 5579 differentially expressed genes 
(DEGs) in Nsmf −/ − adenomas, including 3337 upregulated 

and 2242 downregulated genes. In contrast, adjacent normal 
tissues showed only 1588 DEGs, indicating that NSMF loss 
predominantly affects tumor tissue (Fig. 3 B). Gene Ontology 
Biological Process (GO-BP) analysis of these DEGs revealed 

significant enrichment in pathways associated with DDR, in- 
cluding DNA repair, cellular response to DNA damage stimuli,
and ionizing radiation (Fig. 3 C and Supplementary Fig. S3 A).
Further, GSEA highlighted strong activation of replication 

stress and DNA damage related pathways in tumors lacking 
NSMF compared to WT tumors (Fig. 3 D and Supplementary 
Fig. S3 B). Notably, replication stress scores were significantly 
elevated in adenomas of Nsmf −/ − mice compared to their WT 

counterparts (Fig. 3 E). Given the known role of NSMF in 

replication stress regulation, we hypothesized that NSMF de- 
ficiency impairs replication stress resolution, resulting in in- 
creased DNA damage in tumor tissues. To test this, we per- 
formed IHC staining for γH2AX in intestinal tumor sections.
Tumors from Nsmf −/ − mice exhibited significantly higher 
γH2AX staining than those from Nsmf + / + ; Apc Min/ + mice, in- 
dicating elevated DNA damage (Fig. 3 F). Collectively, these 
results indicate that NSMF critically modulates replication 

stress during colorectal tumorigenesis, protecting tumor cells 
from excessive DNA damage and maintaining tumor growth.

NSMF depletion impairs colorectal cancer cell 
proliferation 

Analysis of 70 human CRC samples revealed a significant pos- 
itive correlation between NSMF expression levels and repli- 
cation stress scores (Fig. 4 A and Supplementary Fig. S4 A).
Knockdown of NSMF in HCT116 and SW480 cells led to 

a marked reduction in cell proliferation and colony-forming 
ability (Fig. 4 B and C; Supplementary Fig. S4 B). Similar 
growth-inhibitory effects were observed upon NSMF deple- 
tion in additional CRC cell line, including SW620, SNU-407,
and RKO (Fig. 4 D). Beyond CRC, NSMF knockdown also 

reduced cell proliferation in the lung cancer cell line PC9 

and the breast cancer cell line MDA-MB-231 ( Supplementary 
Fig. S4 C). Because replication stress is known to impair cell- 
cycle progression, we next examined the cell-cycle profiles of 
NSMF-depleted CRC cells. Loss of NSMF led to aberrant cell- 
cycle distribution, characterized by an accumulation of cells 
in the G1 phase and a corresponding decrease in the S-phase 
population (Fig. 4 E). These findings confirm NSMF as essen- 
tial for cancer cell proliferation by facilitating proper cell cycle 
progression. 

NSMF regulates the replication stress repair 
pathway to prevent DNA damage in CRC 

To determine whether NSMF modulates CRC cell prolifera- 
tion by regulating replication stress, we performed a DNA 

fiber assay to directly assess its role in DNA replication fork 

progression. Cells were sequentially labeled with the thymi- 
dine analogs chlorodeoxyuridine (CldU) and iododeoxyuri- 
dine (IdU) to visualize replication dynamics. In NSMF- 
knockdown HCT116 cells, the lengths of CldU- and IdU- 
labeled replication tracts were significantly shorter than in 

control cells, indicating impaired replication fork progression 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
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Figure 2. NSMF knockout inhibits intestinal tumorigenesis in Apc Min/ + mice. ( A ) Immunoblot of γH2AX expression in normal, adjacent normal (Adj. 
Normal), and tumor tissue from Apc Min/ + mice. GAPDH served as a loading control. ( B ) Relative Nsmf mRNA in intestinal tissue from APC WT (normal), 
adjacent normal intestinal tissue (adjacent normal), and intestinal tumors (tumor) from Apc Min/ + mice. Data represent the mean ± SEM ( n = 4 mice per 
group). ∗P < .05, one-w a y ANO V A f ollo w ed b y Ne wman–K euls test. ( C ) qR T-PCR v alidation of Nsmf knockout efficiency in adenomas. Data represent the 
mean ± SEM ( n = 3 mice per group). ∗∗P < .01, unpaired t wo-t ailed Student’s t -test. ( D ) Representative images of small intestines from 140-day-old 
Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice (left). Tumor counts are quantified (right). Data represent the mean ± SD ( n = 10 mice per group). ∗∗∗P 
< .001, unpaired two-tailed Student’s t -test. ( E ) H&E staining of intestinal swiss-roll sections from Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice. Scale 
bar, 1 mm (top), 200 μm (bottom). ( F ) Kaplan–Meier survival curves of Nsmf + / + , Nsmf −/ −, Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice. Median 
survival rates of Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice are 176 and 235 da y s respectiv ely. ∗∗∗∗P < .0 0 01. Expression of Ki-67 ( G ) and clea v ed 
caspase 3 ( H ) in tumors from Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice detected by immunohistochemistry (IHC). Statistical analyses of Ki-67 
positive cells and cleaved caspase 3 positive areas in tumors ( n = 4 mice per group, 2–5 images analyzed per mouse). Scale bars, 200 and 100 μm, 
respectively. Data represent the mean ± SEM. ∗∗∗∗P < .0001, n.s., not significant, unpaired two-tailed Student’s t -test. ( I ) Bright-field microscopy 
images of intestinal organoid and percentage of tumor spheroid of Nsmf + / + , Nsmf −/ −, Nsmf + / + ; Apc Min/ + , and Nsmf −/ −; Apc Min/ + at early and late 
passages. Scale bar, 500 μm. Error bars indicate mean ± SEM. ∗∗∗∗P < .0001, n.s., not significant, one-w a y ANO V A f ollo w ed b y Tuk e y’s HSD test. 
( n = 3 independent organoid lines; minimum six images per genotype). 
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Figure 3. NSMF knockout induces replication stress and DNA damage in intestinal tumors. ( A ) RNA sequencing analysis was performed using adjacent 
normal intestinal tissue and tumor from Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice. Heatmap depicting the hierarchical clustering results of the 
DEGs. (Tumor, n = 3 mice per genotypes; Adj.Normal, n = 2 mice per genotypes). ( B ) Volcano plots showing DEGs in adjacent normal tissues (top) and 
tumor tissues (bottom) comparing Nsmf + / + ; Apc Min/ + versus Nsmf −/ −; Apc Min/ + mice. Dotted lines indicate statistical significance threshold ( P < .05) and 
e xpression f old-change cutoff ( | L og 2 FC | > 0.5). R ed represents up-regulated e xpression, blue represents do wn-regulated e xpression. ( C ) T he top 10 
enriched GO biological process terms for the upregulated DEGs in the tumor of Nsmf −/ −; Apc Min/ + mice were identified using the D A VID functional 
annot ation dat abase, with DNA damage-related terms highlighted in red. T he ranking is based on P -v alues, indicating statistical significance. ( D ) GSEA 

analysis comparing DNA damage-related pathway enrichment between Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + , analyzed separately in adjacent 
normal and tumor tissues. ( E ) Heatmap visualization of replication stress signature in tumor tissues from Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + . 
Corresponding replication stress score presented as bar graph. Data represent the mean ± SEM. ∗∗P < .01, unpaired two-tailed Student’s t -test ( n = 3 
mice per genotype). ( F ) R epresentativ e IHC images of γH2AX in tumors from Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + mice, with quantification of the 
percentage of γH2AX-positive cells relative to Nsmf + / + ; Apc Min/ + (right). Scale bar, 100 μm. Data represent the mean ± SEM. ∗∗∗P < .001, unpaired 
t wo-t ailed Student’s t -test ( n = 4 mice per genotype, 2–4 independent images per mouse). 
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Figure 4. NSMF knockdown inhibits CRC cell proliferation and cell-cycle progression ( A ) Correlation analysis between NSMF expression and replication 
stress score in CRC cell line from CCLE dataset. ( B ) Cell growth curves of HCT116 and SW480 cells following transfection with control or NSMF siRNAs 
o v er 5 da y s, measured by direct cell counting ( n = 3). Data represent the mean ± SD. ∗∗∗∗P < .0001, tw o-w a y ANO V A with repeated measures, 
f ollo w ed b y Tuk e y’s multiple comparisons test. ( C ) Colon y f ormation assa y sho wing the effect of NSMF knockdo wn in HCT116 and SW480 cells. 
R epresentativ e images (upper panel) and quantification of colonies area (lo w er panel) are shown. Data represent mean ± SD. ∗∗∗P < .001, unpaired 
t wo-t ailed Student’s t -test (HCT116, n = 2; SW480, n = 3). ( D ) Relative cell number of five CRC cell lines (HCT116, SW480, SW620, SNU-407, and RKO) 
measured 3 da y s after NSMF knockdown compared to control. Data represent the mean ± SEM. ( n = 3) ∗∗∗P < .001, ∗∗∗∗P < .0001, unpaired 
t wo-t ailed Student’s t -test. ( E ) Cell-cycle analysis by flow cytometry in HCT116 cells transfected with siCtrl or siNSMF#1. Representative flow cytometry 
plots (left) and quantification of cell cycle distribution in G1, S, and G2/M phases with percentages indicated in bar graph (right). Data are presented as 
the mean ± SD ( n = 3). All experiments were independently performed at least three times, and representative results are shown. 
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Fig. 5 A). To evaluate replication fork recovery, cells were
reated with hydroxyurea (HU) for 2 h to stall replication
orks, followed by a 30-min IdU pulse. The IdU-labeled tracts
ere markedly shorter in NSMF-depleted cells than in con-

rols (Fig. 5 B). Moreover, NSMF-deficient cells showed a pro-
ounced increase in newly fired replication forks (IdU-only)
s well as stalled forks (CldU-only), indicating that loss of
SMF promotes compensatory dormant origin firing while

imultaneously compromising fork stability and recovery un-
er replication stress (Fig. 5 C and D). These results indicate
hat NSMF deficiency disrupts replication fork stability and
ecovery in CRC cells. To further investigate NSMF’s role in
eplication stress regulation, we analyzed cell-cycle progres-
ion in NSMF-depleted cells synchronized in early S phase via
U treatment. Following HU removal, NSMF-deficient cells
isplayed markedly delayed cell-cycle progression, character-

zed by a slower transition from early to late S phase and
 delayed G1-to-S entry, indicating inefficient resolution of
eplication stress (Fig. 5 E and Supplementary Fig. S5 C). Pre-
iously, we demonstrated that NSMF translocates to DNA
amage sites and stabilizes the RPA complex under replica-
tion stress. Consistent with this, replication stress in HCT116
and SW480 CRC cells triggered the recruitment of RPA,
NSMF, and γH2AX to chromatin. Cytochemical analysis fur-
ther confirmed that NSMF colocalized with γH2AX following
HU treatment ( Supplementary Fig. S5 A and B). In HCT116
cells, phosphorylated RPA foci accumulated upon HU treat-
ment; however, stable NSMF knockdown cells exhibited im-
paired RPA phosphorylation, leading to defective formation
of RPA foci under replication stress conditions (Fig. 5 F and
Supplementary Fig. S5 D). Similarly, in tumor from Apc Min/ +

mice, NSMF depletion led to a reduction in ATR signal-
ing pathway activity, including decreased phosphorylation
of ATR, RPA, and CHK1 ( Supplementary Fig. S5 E). Given
RPA’s role in stabilizing ssDNA and protecting stalled replica-
tion forks, these findings suggest that NSMF loss exacerbates
DNA damage under replication stress conditions. To con-
firm this, we assessed DNA damage levels in NSMF-depleted
cells. NSMF knockdown impaired RPA phosphorylation, and
HU treatment further increased γH2AX foci, indicating ele-
vated DNA damage; however, re-expression of NSMF reduced
these γH2AX levels ( Supplementary Fig. S5 F). Following HU

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
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Figure 5. NSMF depletion affects DNA replication dynamics and induces replication stress. (A, B) DNA fiber analysis examining the effect of NSMF on 
replication dynamics in HCT116 cells. For normal conditions, cells were sequentially labeled with CldU and IdU for 30 min each ( A ). For replication stress 
conditions, cells were treated with 2 mM hydroxyurea (HU) for 2 h between CldU and IdU pulses ( B ). Representative DNA fiber images (upper) and 
quantification of IdU tract lengths (lo w er). T he median v alue is indicated, deriv ed from the analy sis of 200 or more IdU and CldU tracts per e xperimental 
condition. ∗∗∗∗P < .0 0 01, t wo-t ailed Mann–Whitne y test. ( C , D ) Quantification of ne wly fired origins (C, IdU-only fibers) and stalled f orks (D, CldU-only 
fibers) in HCT116 cells transfected with siCtrl or siNSMF#1. A total of 300–350 fibers from 7 to 18 randomly selected non-o v erlapping images per 
condition were analyzed. Data represent mean ± SEM. ∗P < .05, ∗∗∗∗P < .0001. Statistical significance was assessed using a Mann–Whitney test. 
Results are representative of three independent experiments. ( E ) BrdU pulse-chase analysis of cell-cycle kinetics in HCT116 cells transfected with siCtrl 
or siNSMF#1 f ollo wing release from a HU block (2 mM, 12 h). R epresentativ e results from three independent experiments are shown. ( F ) 
Immunofluorescence analysis of phospho-RPA2 foci in control (shCtrl) and NSMF-depleted (shNSMF#1 and #2) HCT116 cells under normal (NT) or HU 

treatment (2 mM, 16 h) conditions. The number of phospho-RPA2 foci per cell was quantified from at least 54 cells across two independent 
experiments. Scale bar, 10 μm. Data are presented as median. ∗P < .05, ∗∗∗∗P < .0001, n.s., not significant, Kruskal–Wallis test f ollo w ed b y Dunn’s 
multiple comparisons test. ( G ) γH2AX staining for control (shCtrl) or NSMF-depleted (shNSMF#2) HCT116 cells treated with HU treatment (2 mM, 16 h), 
and directly fixed or allowed to grow in the complete medium for 5 h in the absence of HU. The number of γH2AX foci per cell was quantified from at 
least 106 cells across three independent experiments. Scale bar, 10 μm. Data are presented as median. ∗∗∗∗P < .0001, n.s., not significant, 
Kruskal–Wallis test f ollo w ed b y Dunn’s multiple comparisons test. 
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emoval, γH2AX clearance was notably delayed in NSMF-
eficient cells, suggesting impaired replication stress recovery
nd heightened DNA damage accumulation (Fig. 5 G). Fur-
hermore, NSMF knockdown significantly sensitized HCT116
ells to PARP inhibition (Olaparib) and to ATR (VE-821) and
HK1 (Rabusertib) inhibitors, whereas no sensitization was
bserved upon treatment with the DNA-damaging agents cis-
latin or doxorubicin ( Supplementary Fig. S5 G). These results
emonstrate that NSMF is essential for maintaining replica-
ion fork stability, facilitating replication stress recovery, and
reventing severe DNA damage in CRC cells. 

SMF prevents excessive replication 

tress-induced senescence to sustain tumor 
rogression 

ersistent and unresolved replication stress can lead to ir-
eparable DNA damage, culminating in apoptosis or senes-
ence. In line with our observation that NSMF depletion
oes not induce tumor cell death in vivo , NSMF knockdown
n HCT116 cells did not induce apoptosis, as demonstrated
y unchanged levels of apoptotic markers including cleaved
ARP, caspase-3, and annexin V staining ( Supplementary
ig. S6 A and B). Nevertheless, NSMF-knockdown HCT116
ells exhibited distinct characteristics of cellular senescence,
videnced by increased SA- β-gal activity and altered cell
orphology (Fig. 6 A). Consistently, primary MEFs derived

rom Nsmf −/ − mice demonstrated reduced proliferation and
ignificantly higher numbers of SA- β-gal-positive cells by
assage six compared to wild-type MEFs ( Supplementary
ig. S6 C and D). RNA sequencing analysis of tumor tissues
rom Nsmf −/ −; Apc Min/ + mice revealed elevated expression
f cellular senescence markers and SASP genes relative to
smf + / + ; Apc Min/ + mice (Fig. 6 B). qRT-PCR validation fur-

her confirmed increased expression of p16, p19, and vari-
us SASP-related factors, such as IL-1 α, IL-1 β, IL-6, IL-8,
CL2, CCL20, MMP3, and SerpinE1 in Nsmf −/ −; Apc Min/ + 

umors (Fig. 6 C). Western blot analysis reinforced these ob-
ervations, showing increased levels of p16 and p21 pro-
eins, indicating that NSMF deficiency inhibits tumor growth
hrough enhanced cellular senescence (Fig. 6 D). Typically,
ncogene activation or tumor suppressor loss induces repli-
ation stress-mediated growth arrest and senescence in nor-
al cells, serving as a barrier against tumor progression

 19 , 52 , 53 ]. To assess whether NSMF mitigates oncogene-
nduced senescence, we utilized an oncogene-induced senes-
ence model in IMR90 fibroblasts [ 54 , 55 ]. Cells were trans-
uced to express Ras G12V , NSMF, or both (Fig. 6 E). NSMF
verexpression alone did not impact IMR90 cells; however,
as G12V expression increased cyclin D1 (a cell-cycle progres-

ion marker), γH2AX accumulation, p16 expression, and SA-
-gal-positive cell frequency. In contrast, co-expression of
SMF with Ras G12V significantly reduced SA- β-Gal staining

nd decreased p16 and γH2AX levels (Fig. 6 F and G). More-
ver, NSMF co-expression suppressed the Ras G12V -induced
pregulation of senescence-related genes ( Supplementary Fig.
6 E). Cytochemical analysis further supported these findings,
emonstrating that while Ras G12V expression markedly in-
reased γH2AX foci, NSMF co-expression notably reduced
hese foci (Fig. 6 H). Since appropriate levels of replication
tress can induce genomic instability, we examined whether
SMF’s precise regulation of replication stress limits exces-

ive DNA damage and senescence, potentially enhancing ge-
nomic instability in cancer. Analysis of the TCGA database
across multiple cancer types revealed that high chromosomal
instability—indicated by telomeric allelic imbalance, LOH,
large-scale transitions, mutations, and a weighted genome in-
tegrity index—significantly correlated with elevated NSMF
expression (Fig. 6 I). Collectively, these findings suggest that
NSMF finely tunes replication stress to avoid severe DNA
damage and cellular senescence, ultimately promoting ge-
nomic instability and facilitating tumor progression (Fig. 6 J).

Discussion 

Mutations acquired during cell division contribute to approx-
imately two-thirds of genetic alterations in human cancers,
indicating the critical role of replication-associated errors in
tumor initiation and progression [ 56 ]. In the early stages of
tumorigenesis, replication stress-induced genomic instability,
coupled with the selective inactivation of key DDR factors
such as TP53 and ATM, establishes a permissive environ-
ment for tumorigenesis. As tumors progress, this instability
continues to propel cancer advancement, leading to metas-
tasis and drug resistance [ 57 ]. Traditionally, genomic insta-
bility was thought to progressively increase with cancer pro-
gression. However, paradoxically, several replication stress-
related genes—generally considered tumor suppressors—are
frequently upregulated in cancers, suggesting cancer cells must
carefully balance beneficial genomic instability against exces-
sive DNA damage that threatens their viability [ 58 ]. In par-
ticular, oncogene activation or tumor suppressor loss induces
replication stress, triggering apoptosis or senescence, and thus
establishing a critical barrier against early tumor progression
[ 53 , 59 –61 ]. Therefore, cancer cells must have evolved so-
phisticated mechanisms to precisely regulate replication stress,
maintaining it within a threshold that allows genomic insta-
bility while supporting continuous proliferation and tumor
growth [ 9 ]. Despite its recognized importance, the precise
mechanisms by which cancer cells adapt to and manage ex-
cessive replication stress remain largely unclear. 

In our study, we identified NSMF as a crucial regulator
of excessive replication stress that supports the development
and progression of CRC. By integrating bioinformatics anal-
yses of patient datasets with functional studies in cell lines
and in vivo models, we demonstrate that NSMF promotes
replication fork progression under stress conditions, mitigates
replication stress-induced DNA damage, and ultimately sus-
tains tumor cell proliferation. Furthermore, our findings re-
garding NSMF’s association with increased chromosomal in-
stability suggest that, unlike most DDR genes whose inacti-
vation typically enhances genomic instability, precise modula-
tion of replication stress can also promote genomic instability
(Fig. 6 J). These findings demonstrate the importance of mech-
anisms that finely regulate replication stress within a tolerable
range, highlighting their potential as novel targets for control-
ling tumor initiation and growth. 

Our findings reveal that NSMF expression is significantly
elevated in CRC tissues compared to normal colon epithelium
and is strongly associated with increased replication stress and
poor patient prognosis (Fig. 1 B–I). In Apc Min/ + mice, NSMF
expression was upregulated in adenoma tissue compared to
normal tissue carrying the same Apc mutation, coinciding
with an increase in γH2AX levels (Fig. 2 A and B). This sug-
gests that NSMF is required for proliferating cells experienc-
ing increased replication stress. Similarly, in human CRC tis-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
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Figure 6. NSMF mitigates replication stress and pre v ents oncogene-induced senescence. ( A ) SA- β-galactosidase (SA- β-Gal) staining in stable NSMF 
knockdown (shNSMF #1 and #2) or control (shCtrl) HCT116 cells. R epresentativ e images (upper) and quantification of SA- β-gal positive cells (lower). 
Scale bar, 50 μm. Data are presented as mean ± SEM from 150 cells across se v en images obtained from three independent experiments. ∗∗P < .01, 
∗∗∗P < .001, one-w a y ANO V A f ollo w ed b y Dunnett’s multiple comparisons test. ( B ) GSEA plot showing enrichment of cellular senescence-related genes 
in RNA-seq data from Nsmf + / + ; Apc Min/ + and Nsmf −/ −; Apc Min/ + intestinal tumor (upper). Heatmap visualization of differentially expressed senescence- 
and S A SP-related genes bet ween genot ypes (lo w er). ( C ) qR T-PCR analy sis of senescence-associated genes in intestinal tumors from Nsmf + / + ; Apc Min/ + 

( n = 4) and Nsmf −/ −; Apc Min/ + ( n = 3) mice. Data represent the mean ± SEM. ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, unpaired two-tailed t -test with 
Holm–Sidak correction for multiple comparisons. ( D ) Western blot analysis of p16INK4A and p21CIP1 in intestinal tumor tissues from Nsmf + / + ; Apc Min/ + 

and Nsmf −/ −; Apc Min/ + mice. GAPDH served as a loading control. ( E ) Schematic representation of the experimental design for the oncogene-induced 
senescence model. IMR-90 cells were transduced with lentiviruses encoding either GFP-vector or GFP-NSMF. Following selection, senescence was 
induced by expression of oncogenic Ras G12V . ( F ) Western blot analysis of the indicated proteins on day 4 after induction of oncogenic Ras G12V 

e xpression. α-Tubulin w as used as a loading control. ( G ) SA- β-Gal staining in IMR-90 cells 8 da y s post-transduction. R epresentativ e images (left) and 
quantification of SA- β-Gal positive cells (right). Scale bar, 20um. Data are presented as mean ± SEM ( n = 4–6 independent images per sample). ∗∗∗P < 

.001, n.s., not significant, one-w a y ANO V A f ollo w ed b y Tuk e y’s HSD test. ( H ) Immunofluorescence analy sis of γH2AX in GFP-v ector or GFP-NSMF 
expressing IMR-90 cells with or without Ras G12V . Quantification of γH2AX foci per GFP-positive cell was performed in at least 42 cells per group. Scale 
bar, 20 μm. Data are presented as median. ∗∗P < .01, ∗∗∗∗P < .0 0 01, n.s., not significant, Kruskal–Wallis test f ollo w ed b y Dunn’s multiple comparisons 
test. All experiments were independently performed at least three times, and representative results are shown. ( I ) Correlation of NSMF expression with 
genomic inst abilit y in pan-cancer analysis. Genomic inst abilit y w as assessed across 4315 pan-cancer samples from TCG A using multiple genomic 
inst abilit y features, including frequency of LOH, HRD-related LOH frequency, telomeric allelic imbalance, large-scale transitions, mutation burden per 
sample, and weighted genome integrity index. Tumors were categorized based on genomic inst abilit y scores as low ( < 25%, below first quartile), 
medium (25%–75%, between first and third quartile), or high ( > 75%, above third quartile). Statistical comparisons of NSMF expression levels across 
groups were performed using Wilcoxon rank-sum test. ( J ) Hypothetical model illustrating the role of NSMF in regulating replication stress, highlighting 
its critical function in alleviating excessive replication stress and preventing cytotoxic DNA damage. This regulatory activity supports a controlled level of 
genomic inst abilit y, thereb y promoting CR C progression. Figure w as created using BioR ender.com. 
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ues, NSMF and γH2AX were co-overexpressed, further sup-
orting NSMF’s role in replication stress regulation (Fig. 1 J).
dditionally, we observed a strong positive correlation be-

ween NSMF expression and replication stress scores in both
umor tissues and CRC cell lines (Figs 1 C and 4 A). Notably,
hile NSMF is dispensable for normal intestinal homeosta-

is, its loss in Apc Min/ + mice significantly impaired adenoma
ormation and prolonged survival (Fig. 2 and Supplementary
ig. S2 ). The selective increase in replication stress and DNA
amage observed in tumor tissues of NSMF-deficient mice,
s evidenced by elevated γH2AX and transcriptional upreg-
lation of DDR genes, suggests that NSMF plays a key role
n managing high-replication stress conditions in tumor cells
Fig. 3 ). This also explains why NSMF deletion had no signif-
cant effect on normal intestinal homeostasis, where replica-
ion stress is inherently lower. Collectively, our findings estab-
ish NSMF as an essential factor for cancer cell survival and
rowth. Targeting NSMF could exacerbate replication stress
n cancer cells beyond their adaptive capacity, thereby inhibit-
ng tumor growth without significantly affecting normal tis-
ues. 

In this study, we employed a systematic and comprehen-
ive approach to identify previously uncharacterized regula-
ors of replication stress in cancer by employing a quantita-
ive replication stress-assessment strategy. Because replication
tress can originate from diverse sources and exhibit heteroge-
eous manifestations, its accurate measurement remains chal-
enging. This complexity is further compounded by the diverse
ellular context and heterogeneity of tumors. Although tradi-
ional markers such as ssDNA-bound RPA and γH2AX have
een widely used in experimental models, their applicability in
arge-scale clinical settings and their ability to capture the full
pectrum of replication stress regulators across various can-
er contexts are limited. To address these challenges, several
esearch groups have explored alternative methods for quan-
ifying replication stress [ 40 , 62 , 63 ]. We adopted a model
hat integrates 21 distinct pathways, each representing dif-
erent aspects of replication stress, to generate a comprehen-
ive measure of replication stress levels [ 40 ]. Using this ap-
roach, we applied transcriptional profiling to identify gene
xpression signatures associated with DNA replication and
epair and analyzed their correlation with replication stress
n CRC. To identify key regulators of replication stress that
ontribute to tumor survival and growth, we prioritized genes
hat were overexpressed in tumors compared to normal tissues
nd that also correlated with patient prognosis. Furthermore,
o focus on novel regulators rather than those already well-
haracterized, we excluded 844 genes that were part of the 21
O pathway. Through this systematic approach, we identified
7 previously uncharacterized regulators of replication stress,
ncluding NSMF, which had not been implicated in replica-
ion stress regulation in the context of cancer (Fig. 1 A and
upplementary Fig. S1 A). Given that replication stress plays
 critical role in the development of most cancer types, this
trategy is broadly applicable and may enable the identifica-
ion of replication stress regulators specific to various tumor
ypes and their progression stages. 

The RPA–ssDNA complex provides a crucial platform for
ecruiting various DNA repair proteins—such as A TR, A TRIP,
nd PRP19—to stalled replication forks, thereby coordinat-
ng the DDR signaling pathway and facilitating DNA re-
air [ 64 ]. Our previous studies have shown that NSMF di-
ectly interacts with RPA, stabilizing the RPA–ssDNA com-
plex and promoting ATR-mediated phosphorylation of RPA
under replication stress conditions [ 30 ]. Consequently, NSMF
aids in replication fork stabilization and activates the ATR-
CHK1 checkpoint pathway in response to replication stress.
In NSMF-depleted cells, the compromised interaction between
RPA and ssDNA results in a diminished repair response and
an accumulation of DNA damage [ 31 ]. Consistent with this
mechanism, NSMF knockdown led to reduced formation and
phosphorylation of RPA foci, while γH2AX levels were ele-
vated under replication stress (Fig. 5 E and F). Furthermore,
NSMF-depleted cells exhibited a slower decline in γH2AX
levels during the recovery phase following HU treatment,
along with delayed cell cycle progression (Fig. 5 D). These
data suggest that NSMF enhances DDR signaling, mitigates
replication stress, and facilitates efficient recovery from repli-
cation stress, thereby preventing severe DNA damage. Inter-
estingly, NSMF depletion causes cell cycle defects and pro-
motes cellular senescence without an increase in apoptosis
(Figs 4 E, 6 A and S6 A–D). In both CRC cells and primary fi-
broblasts, loss of NSMF led to enhanced senescence. Similarly,
in Apc Min/ + mice, Nsmf depletion reduced cell proliferation in
tumor regions while increasing senescence (Fig. 6 B–D). This
association between NSMF and cellular senescence was fur-
ther demonstrated in an oncogene-induced senescence model.
It is well established that oncogene activation, such as RAS,
RAF , MYC , and Cyclin E1 , triggers growth arrest and senes-
cence due to replication stress-mediated DNA damage [ 54 ].
Overexpression of NSMF alleviated Ras G12V -induced replica-
tion stress and senescence in IMR90 fibroblasts, suggesting
that NSMF counteracts oncogene-induced senescence by mit-
igating replication stress and preventing the accumulation of
excessive DNA damage (Fig. 6 E–H). Overall, our findings in-
dicate that NSMF acts as a critical factor that enables cancer
cells to balance replication stress tolerance and evade senes-
cence, rendering it indispensable for all stages of tumor devel-
opment and growth. 

In tumors with defects in homologous recombination re-
pair (e.g. BRCA1/2 -mutated cancers), combining replication
stress inducers with PARP inhibitors can selectively kill can-
cer cells while sparing normal cells, and this approach is
widely used in the clinic [ 65 , 66 ]. However, beyond the suc-
cess seen in BRCA-mutated cancers, synthetic lethal combi-
nations have generally been less effective in clinical settings
due to tumor heterogeneity and the presence of genetically di-
verse clones [ 67 , 68 ]. In CRC, efforts to therapeutically target
DDR and replication stress pathways—particularly through
PARP, ATR, CHK1, and WEE1 inhibitors—are actively under-
way [ 69 ]. Preclinical and early-phase clinical trials have shown
that ATR inhibitors, CHK1 inhibitors and WEE1 inhibitors
can enhance the effects of chemotherapy in DDR-deficient
CRC [ 70 –72 ]. Moreover, PARP inhibitors appear promising
in microsatellite stable, pMMR CRC, and their clinical effi-
cacy is maximized when combined with DNA repair-related
agents or DNA-damaging agents, rather than as monotherapy
[ 69 ]. Nevertheless, the absence of robust predictive biomark-
ers for replication stress dependency and the limited response
observed in unselected CRC patients remain major challenges
for clinical translation [ 2 , 69 ]. Identifying regulators that de-
fine replication stress tolerance is therefore essential for re-
fining therapeutic stratification. Given its role in mitigating
replication stress and promoting tumor growth, NSMF rep-
resents a potential therapeutic target in cancer. In our study,
we demonstrated that NSMF depletion alone suppresses tu-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1521#supplementary-data
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mor initiation and growth. Moreover, we found that NSMF
expression is significantly elevated in most CRC patients and
that high levels correlate with poor prognosis. Interestingly,
NSMF knockdown in CRC cells also increased sensitivity to
DDR pathway PARP1, ATR, and CHK1 kinase inhibitors. In
contrast, NSMF loss did not alter sensitivity to conventional
DNA-damaging chemotherapeutic agents such as cisplatin or
doxorubicin. This divergence suggests that NSMF functions
selectively in replication-coupled DNA repair and replication
stress tolerance, rather than mediating resistance to general cy-
totoxic agents. The therapeutic potential of targeting NSMF
lies in its ability to exploit tumor-specific dependency on repli-
cation stress resilience. Tumors with intrinsically high repli-
cation stress appear disproportionately reliant on NSMF for
survival, making NSMF inhibition a strategy that could selec-
tively induce replication collapse in tumor cells while minimiz-
ing toxicity in normal tissues. Furthermore, the widespread
overexpression of NSMF across diverse malignancies high-
lights its broader relevance as a cancer vulnerability. Future
studies should investigate NSMF’s role in additional tumor
types and evaluate NSMF as both a biomarker of replication
stress dependency and a therapeutic target. 

In conclusion, our study establishes NSMF as a pivotal
regulator of replication stress in cancer, offering mechanis-
tic insights into how tumor cells precisely balance replica-
tion stress to sustain proliferation and survival. By promot-
ing replication fork progression and enhancing DDR signaling
under stress conditions, NSMF enables cancer cells to main-
tain replication stress within a tumor-promoting threshold—
enhancing genomic instability while avoiding catastrophic
DNA damage—thereby facilitating tumor initiation and pro-
gression (Fig. 6 J). Our study provides a conceptual framework
highlighting replication stress modulation as a novel therapeu-
tic strategy in CRC and potentially other malignancies char-
acterized by elevated genomic instability. 
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