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SUMMARY

Lamin A/C is essential for maintaining nuclear architecture, organizing chromatin, and preserving genomic 

stability. However, its role in regulating DNA replication remains unclear. This study investigates how lamin 

A/C regulates proper replication initiation by orchestrating the chromatin structure and the recruitment of 

proliferating cell nuclear antigen (PCNA). We demonstrate that lamin A/C deficiency leads to an increase in 

chromatin dynamics, replication domain (RD) accessibility, and PCNA availability at RDs, which together 

facilitate increased initiation density and replication-dependent DNA damage. These disruptions prolong 

the S phase and compromise genome stability, highlighting lamin A/C as a critical gatekeeper of balanced 

replication initiation. Our findings reveal lamin A/C’s dual role in chromatin structure organization and repli

cation machinery regulation, offering valuable insights into its involvement in replication-associated diseases 

and potential therapeutic opportunities.

INTRODUCTION

The precise regulation of DNA replication initiation is essential for 

maintaining genomic stability. Errors during replication can lead 

to replication stress, DNA damage, and genomic instability, 

which are hallmarks of cancer and other replication-associated 

diseases.1,2 In mammalian cells, the replication of chromatin 

DNA begins at tens of thousands of potential replication origins. 

DNA replication initiation is tightly regulated by a two-step pro

cess, origin licensing and origin firing, which together ensure 

faithful duplication of the genome in both spatial and temporal di

mensions.3–7 During origin licensing, initiator proteins, including 

the origin recognition complex (ORC) and the minichromosome 

maintenance (MCM) complex, are sequentially assembled onto 

these potential origins, designating them for future activation. 

This is followed by origin firing, during which additional factors 

such as the Cdc45-MCM-GINS (CMG) helicase complex are re

cruited to a small subset (∼10%) of these licensed origins, trig

gering the formation of bidirectional replication forks.8,9 Origin 

firing then marks the onset of replication, driven by the assembly 

of the replisome machinery, including proliferating cell nuclear 

antigen (PCNA), a key factor for DNA synthesis and elonga

tion.10,11 The delicate regulation of this process is crucial, as 

both under- and over-activation of replication origins can disrupt 

the balance necessary for proper DNA replication. Insufficient 

activation of replication origins may compromise the completion 

of genome replication, while excessive origin activation can 

disrupt replication fidelity by inducing replication stress.12–16

The complexity of replication regulation in higher eukaryotes is 

likely a consequence of their larger genomes and more intricate 
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chromatin organization, highlighting the need for robust spatio

temporal coordination to ensure genome stability.

Extensive studies have shown that DNA replication initiation is 

closely coordinated with the spatiotemporal organization of 

chromatin.17–20 In metazoan cells, replication origins are not 

randomly distributed but are clustered within megabase (Mb)- 

sized chromosomal regions known as replication domains 

(RDs), which serve as functional units for coordinating replication 

initiation.1,9 Each RD encompasses multiple replication origins, 

whose spatial positioning and activation patterns are regulated 

by factors such as chromatin accessibility, nuclear organization, 

and the local epigenetic landscape.21 RDs replicate in a defined 

temporal order during the S phase, with replication timing corre

lating with the chromatin architecture. Chromatin architecture, 

defined by the hierarchical folding of the genome, consists of 

various structural elements, including nucleosomes, topologi

cally associating domains (TADs), and higher-order compart

ments.22–25 At the compartment level, transcriptionally active A 

compartments generally replicate earlier, while transcriptionally 

inactive B compartments replicate later.23,26 TADs, which are 

conserved structural units of the genome, spanning ∼0.5–1 

Mb, help organize chromatin into functional domains.24,27 The 

alignment of RD boundaries with TADs suggests that these chro

matin structures function as units that orchestrate replication.28

Advances in high-resolution imaging techniques, such as 

structured illumination microscopy (SIM),29 stimulated emission 

depletion microscopy (STED),30 stochastic optical reconstruc

tion microscopy (STORM),31–34 and expansion microscopy 

(ExM),35,36 have provided unprecedented insights into the 

spatial organization of chromatin and its impact on DNA replica

tion. These cutting-edge technologies allow for the precise visu

alization of RDs and their spatial organization at the nanometer 

scale, thereby enabling detailed single-cell investigations into 

how chromatin structure governs the spatiotemporal regulation 

of replication initiation.

In addition to chromatin architecture, nuclear scaffold proteins 

have also been suggested to play an important role in regulating 

DNA replication.37–40 Lamin A/C, a key component of the nuclear 

lamina, maintains nuclear integrity and regulates chromatin dy

namics.41–44 Unlike B-type lamins, which preferentially remain 

anchored to the nuclear envelope due to permanent farnesyla

tion, lamin A/C undergoes a transient farnesylation followed by 

proteolytic cleavage to produce its mature form.45–48 Mature 

lamin A/C primarily localizes to the nuclear periphery, while a 

relatively dynamic and soluble pool remains in the nuclear inte

rior.49 Lamin A/C’s unique dual distribution enables it to support 

nuclear architecture while simultaneously regulating chromatin 

structure and nuclear processes, with its deficiency being 

associated with increased chromatin dynamics,50,51 altered 

chromatin structure,52,53 replication stress,47,54,55 and replica

tion-related diseases such as cancer and viral infection.46,56

Beyond its structural role in chromatin regulation, lamin A/C 

also interacts with PCNA,57,58 suggesting a potential regulatory 

role in replication. Yet, the precise mechanism by which lamin 

A/C regulates DNA replication remains unclear, particularly 

whether its influence is exerted directly or mediated through 

chromatin organization. Our previous study identified a distinct 

chromatin-regulated spatial pattern of replication initiation and 

propagation, revealing that PCNA remains localized at the pe

riphery of RDs from the G1 phase to the G1/S transition.32,33

This positioning appears critical for the selective initiation of 

replication origins, potentially reflecting an interplay between 

PCNA and nuclear scaffold proteins such as lamin A/C. Howev

er, whether lamin A/C facilitates PCNA recruitment to RDs during 

replication initiation remains unclear, leaving the precise role of 

the lamin A/C-PCNA interaction in DNA replication to be further 

elucidated.

In this study, we investigate the multifaceted role of lamin A/C 

in regulating DNA replication initiation and maintaining genome 

stability. Utilizing super-resolution imaging methods combined 

with sequencing techniques, we revealed that lamin A/C acts 

as a gatekeeper, restricting the number of early replication sites. 

Lamin A/C deficiency alters the organization of RDs and in

creases PCNA recruitment to RDs. These changes collectively 

contribute to excessive initiation of early replication, resulting 

in elevated replication-dependent DNA damage. We propose a 

model in which lamin A/C simultaneously stabilizes the spatial 

structure of RDs and modulates PCNA expression as well as 

the proportion of freely diffusing PCNA, thereby maintaining a 

balanced early replication program and preventing excessive 

replication initiation. By elucidating lamin A/C’s dual role in the 

regulation of chromatin organization and replication machinery, 

this study provides important insights into its critical function in 

preserving genome integrity.

RESULTS

Lamin A/C deficiency results in excessive replication 

initiation density and associated genome instability

To investigate the functional impact of lamin A/C, we utilized 

CRISPR-Cas9 to generate lamin A/C-deficient cell lines (HeLa 

S3 and MDA-MB-231). RNA sequencing (RNA-seq) followed 

by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analysis revealed that lamin A/C deficiency led to dif

ferential expression of genes significantly enriched in pathways 

related to cancer and human papillomavirus (HPV) infection, 

both of which are associated with unscheduled DNA replication 

(Figures S1A and S1B). Additionally, Gene Ontology (GO) enrich

ment analysis showed that these differentially expressed genes 

were enriched in biological processes such as the cell cycle, 

cell proliferation, and DNA damage (Figures 1A and S1C). Spe

cifically, E2F2 transcription factor (Table S1), which is a key regu

lator of DNA replication initiation and directly influences PCNA 

expression, was found enriched in these biological processes. 

Other key replication-related genes, such as the replication 

licensing factor CDC6 and replication stress response factor 

MCM8, were also enriched (Table S1). These findings suggest 

that lamin A/C may contribute to the coordination of DNA repli

cation and the maintenance of genome integrity. However, its 

specific role in regulating replication initiation remains largely 

unexplored.

To investigate how lamin A/C influences replication initiation, 

we synchronized cells to the G1/S transition (STAR Methods; 

Figure S2A) and visualized early replication activity with a 

10-min 5-ethynyl-2′-deoxyuridine (EdU) pulse upon release into 

S phase, which labels early replication sites representing early 
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S phase synthesis events.33,59 As indicated by the EdU-labeled 

early replication signal, early replication activity in lamin A/C- 

deficient cells was significantly increased compared to wild- 

type (WT) cells. This phenomenon was consistent across both 

HeLa and MDA-MB-231 cell lines (Figures S2B–S2E). Addition

ally, no EdU incorporation was detected prior to S phase release 

in either WT or lamin A/C-deficient cells (Figure S2C), excluding 

the possible effect of lamin A/C deficiency on cell synchroniza

tion. Consistently, moderate overexpression of lamin A/C in 

WT cells reduced the early replication signal in early S phase 

(Figure S3), indicating that lamin A/C dosage regulates early 

replication. The increased early replication signal upon lamin 

A/C deficiency reflects either an increase in the number of acti

vated early replication sites or a change in replication fork speed.

Using DNA fiber assays, we first measured replication fork 

speed and found it unchanged between lamin A/C-deficient 

and WT cells (Figures 1B and S4A), arguing against a contribu

tion of altered fork speed to the increased replication activity. 

To determine whether the elevated replication signals reflect 

an increase in the number of early activated replication sites, 

we quantified the inter-track distance after a 10-min pulse at 

early S phase, defined as the spacing between adjacent, clearly 

separated labeled tracks along the same DNA fiber (STAR 

Methods). Lamin A/C-deficient cells showed a significantly 

shorter inter-track distance than WT cells (Figure S4B), indi

cating a higher density of initiation events per unit length of 

DNA. To visualize this effect at the RD level, we performed 

dual labeling of early RDs and early replication sites, followed 

by STORM super-resolution microscopy with ∼20 nm resolu

tion.31 Specifically, cells were first synchronized and released 

into S phase, during which bromodeoxyuridine (BrdU) was incor

porated for 45 min to label early RDs. In the subsequent cell 

cycle, cells were re-synchronized at the G1/S transition and 

pulse-labeled with EdU for 10 min upon release to mark early 

replication sites. Individual BrdU-marked RDs and EdU-marked 

early replication sites were segmented using SR-Tesseler under 

identical parameters for WT and lamin A/C-deficient cells 

(Figure S5A; STAR Methods). RD areal density was comparable 

between WT and lamin A/C-deficient cells (∼3 RDs per μm2; 

Figure S5B), and their mean radius was ∼100 nm, with only a 

mild increase in lamin A/C-deficient cells (Figure S5C). EdU- 

labeled early replication sites appeared as ∼30 nm puncta, align

ing with its spatial resolution and ensuring precise localization.33

Notably, STORM-based quantification of RDs and early replica

tion sites revealed a ∼20% increase in the number of activated 

early replication sites per RD in lamin A/C-deficient cells 

(Figures 1C and 1D). Reintroduction of lamin A/C in lamin A/C- 

deficient cells reduced the number of early replication sites per 

RD to WT levels (Figure S6). These early replication sites were 

predominantly located at the RD periphery (Figure 1C), consis

tent with our previous findings.33 Together, these data show 

that lamin A/C deficiency increases the number of activated early 

replication sites.

In addition to microscopy observation, we performed BrdU 

sequencing (BrdU-seq) to measure early replication activity in 

WT and lamin A/C-deficient cells during early 10-min S phase 

entry. Consistent with the imaging results, 83% of the 5,443 

replication peaks exhibited increased peak heights in lamin 

A/C-deficient cells compared to WT cells (Figures 1E and S7A). 

The BrdU-seq peaks remained largely consistent with those in 

WT cells and were predominantly located within early RDs in A 

compartments, with no appreciable new peaks detected in mid 

or late-replicating regions (Figures 1F and S7B). Each BrdU- 

seq peak from the 10-min labeling typically spanned ∼30–100 

kb (Figure S7C), indicating that they represent clusters of multi

ple replication origins. This upregulation of replication peaks is 

consistent with the increased number of early replication sites 

observed by super-resolution microscopy (Figures 1C and 1D). 

Additionally, upregulated replication peaks were preferentially 

located near TAD boundaries compared to downregulated 

peaks (Figures S7D and S7E). These results confirm that the 

effect on early replication initiation by lamin A/C deficiency is pri

marily due to an increase in the number of early replication sites.

To rule out potential replication stress introduced by the 

aphidicolin-based synchronization method, which might acti

vate dormant replication origins,60,61 we adopted a mitotic 

shake-off-based synchronization method (STAR Methods; 

Figure S8A). Specifically, upon release from mitosis, cells were 

pulse-labeled with EdU for 8 h, followed by fixation and staining. 

Single-cell EdU fluorescence intensities were quantified and or

dered to reflect cell cycle progression. The EdU signal exhibited 

a two-segment pattern: a near-flat segment corresponding to 

Figure 1. Lamin A/C depletion leads to increased early replication 

(A) Top 15 enriched GO biological process (BP) terms in HeLa cells. The bubble plot shows significantly enriched biological processes, with fold enrichment on the 

x axis, bubble size representing gene count, and color indicating − log10(FDR [false discovery rate]). 

(B) Violin plot comparing replication fork speed between wild-type (WT, 194 forks) and knockout (KO, 204 forks) cells. Data represent median ± quartiles. ns, 

p > 0.05. 

(C) Representative STORM images showing the distribution of RDs and early replication sites in WT (left) and lamin A/C KO (right) cells. Cells were synchronized, 

and RDs were labeled in early S phase with a 45-min BrdU pulse. After a second synchronization, early replication sites were labeled in early S phase with a 10-min 

EdU pulse. Scale bars, 5 μm. Below, enlarged rendered views of the yellow-boxed regions. Scale bars, 300 nm. The calculated number of early replication sites 

within each targeted RD (white circles) is indicated in the top-left corner of each magnified view. 

(D) Quantification of early replication sites RD in WT and KO cells from the experiments in (C). Each dot represents the early replication sites per RD in a single cell. 

Data represent mean ± SE, with n ≥ 30 cells. **p < 0.01. 

(E) Heatmap of differentially regulated BrdU-seq peaks (>10 kb). Heatmap displaying differentially regulated peaks of early S phase 10-min BrdU labeling, 

representing early replication signals, comparing WT and KO cells. Red indicates upregulated signals, while blue indicates downregulated signals. Data are 

derived from two independent replicates. 

(F) BrdU-seq profiles at a representative genomic region on chromosome 2 (hg38, chr2: 111–115 Mb). BrdU-seq signal tracks for KO (top, orange) and WT 

(middle, blue) cells are shown together with peak calls (colored bars beneath each track). The lower track displays the normalized KO/WT signal ratio, highlighting 

regions with altered early replication. Gene annotations across this interval are shown below for reference.
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Figure 2. Replication-dependent damage in WT and lamin A/C KO cells 

(A) Single-cell pseudo-time plot of EdU (purple, left axis) and γH2AX (green, right axis) fluorescence intensities in WT cells. Each dot represents an individual 

nucleus measured after a single fixation following mitotic shake-off and an EdU pulse (STAR Methods). Nuclei were rank-ordered by mean nuclear EdU intensity 

(low→high) to represent G1-to-S progression along the x axis. The purple dashed line marks the G1/S transition, identified by a two-segment piecewise linear fit to 

the EdU profile, and the green dashed line indicates the corresponding transition point for γH2AX determined by the same approach. 

(B) The violin plot comparing γH2AX fluorescence intensity is in (A) before and after the G1/S transition. Data are shown as median ± quartiles. ****p < 0.0001. 

(C) Quantification of average γH2AX fluorescence intensity in early S phase, measured after the G1/S transition as defined in (A), in WT and lamin A/C KO cells. 

Each dot represents the average γH2AX fluorescence intensity of a single cell. 

(D) Representative images showing the distribution of γH2AX in WT (left) and KO (right) cells after 10 min of early S phase. Scale bars, 5 μm. 

(E) Quantification of γH2AX fluorescence intensity in both cell types from the experiments in (D). Each dot represents the γH2AX fluorescence signal of a single cell 

(n ≥ 30). 

(legend continued on next page) 
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the G1 phase, followed by a sharply increasing segment indica

tive of S phase entry. The G1/S transition was defined as the in

flection point between these two segments. Lamin A/C-deficient 

cells displayed a rapid increase in EdU signal following the G1/S 

transition and reached significantly higher EdU levels than WT 

cells, reflecting enhanced replication initiation during early S 

phase (Figure S4B). This finding is consistent with previous syn

chronization-based results and further supports the robustness 

of early replication signal detection.

Replication initiation is a tightly regulated process crucial for 

maintaining genomic stability. Both insufficient and excessive 

activation of replication origins can disrupt this balance, leading 

to replication-dependent DNA damage.13,16 To investigate 

whether the increased replication initiation contributes to repli

cation-dependent DNA damage, we performed the mitotic 

shake-off-based synchronization (STAR Methods; Figure S8A) 

on both WT and lamin A/C-deficient cells. Replication activity 

was measured by EdU incorporation, and DNA damage was as

sessed by γH2AX staining during the G1-to-S progression. Both 

EdU and γH2AX fluorescence intensity exhibited a two-phase 

pattern: a low, near-flat signal followed by a sharp increase. 

The inflection point of EdU incorporation, marking the G1/S 

transition, coincided with a marked increase in γH2AX signal 

(Figures 2A and S9A). γH2AX intensity was significantly higher 

after the inferred G1/S transition than before (Figures 2B and 

S9B), consistent with results obtained using the aphidicolin 

synchronization method (Figures S10A–S10D). These results 

indicate that the DNA damage increases at S-phase entry and 

reflects replication-dependent lesions. Additionally, γH2AX in

tensity was found modestly elevated in lamin A/C-deficient cells 

during G1 phase, possibly reflecting mechanical stress associ

ated with lamin A/C deficiency (Figure S10E). Importantly, 

lamin A/C-deficient cells showed significantly higher γH2AX sig

nals than WT cells after S phase entry (Figures 2C, S9C, and 

S10E), indicating an exacerbation of replication-dependent 

DNA damage. These findings were independently confirmed us

ing aphidicolin synchronization (Figures 2D, 2E, and S10A– 

S10D). Furthermore, reintroduction of lamin A/C in lamin A/C- 

deficient cells partially reduced this replication-dependent 

DNA damage toward WT levels (Figure S11). Additionally, 

partially suppressing excessive early replication signal in lamin 

A/C-deficient cells by inhibiting DDK activity led to a measur

able decrease in γH2AX signal (Figure S12), indicating that 

increased initiation activity contributes upstream to the DNA 

damage.

In parallel, the fluorescence intensity of phosphorylated RPA 

(pRPA), a marker of replication stress, was also found elevated 

in lamin A/C-deficient cells (Figures S10F and S10G). The spatial 

proximity of γH2AX with pRPA further supports replication stress 

as the source of DNA damage (Figures S10H and S10I).

To further investigate the spatial relationship between replica

tion initiation and replication-dependent DNA damage, we per

formed dual-color super-resolution imaging of early replication 

sites and γH2AX. Both early replication sites (EdU 10-min pulse) 

and γH2AX signals appeared as punctate clusters in early S 

phase (Figure 2F). We quantitatively assessed their spatial prox

imity using nearest-neighbor distance (NND) analysis between 

EdU and γH2AX clusters. The sites of γH2AX were consistently 

found located near early replication sites in both WT and lamin 

A/C-deficient cells, with distances significantly smaller than the 

random distribution control (Figures 2F and 2G). This average 

distance of approximately 180 nm is close to the typical size of 

a TAD/RD,33 suggesting a spatial association between replica

tion-dependent DNA damage and initiation at the RD level.

These findings suggest that the increased number of early 

replication sites observed under lamin A/C deficiency enhances 

the likelihood of replication damage, highlighting a critical link 

between replication initiation density and genomic stability. 

Additionally, lamin A/C-deficient cells not only show a higher S 

phase fraction by flow cytometry (Figure 2H) but also display 

an overall longer cell cycle duration (Figure S13). These results 

together indicate that S phase duration is extended in the 

absence of lamin A/C, aligning with observations under lamin 

A/C knockdown in other cell lines.62 While lamin A/C has been 

extensively implicated in maintaining replication fork stability 

and promoting DNA damage repair,55,63,64 our results reveal an 

additional, upstream role in maintaining genome stability. By re

stricting the number of activated early replication sites, lamin A/C 

may reduce the risk of fork stalling and collapse, thereby main

taining the balance between replication initiation and DNA 

damage.

Lamin A/C deficiency affects RD structure and 

dynamics and increases replication sites’ accessibility

Chromatin accessibility is closely associated with replication 

origin activation and has been implicated in influencing the 

spatial and temporal control of replication initiation.21,65,66 To 

explore whether lamin A/C regulates replication initiation by 

modulating chromatin accessibility, we performed assay for 

transposase-accessible chromatin using sequencing (ATAC- 

seq) in both WT and lamin A/C-deficient cells. The results 

indicated increased accessibility within the A compartment 

(Figure S14A), where early RDs reside.26 Integration of ATAC- 

seq and BrdU-seq data revealed increased chromatin accessi

bility at BrdU-defined early replication peaks in lamin A/C-defi

cient cells (Figure 3A). This accessibility gain is more pronounced 

at replication-associated peaks than at non-replicon ATAC 

peaks, which show only minimal changes (Figure S14B), sug

gesting that lamin A/C deficiency enhances replication sites’ 

permissiveness by elevating chromatin accessibility.

(F) Representative STED images showing the spatial distribution of γH2AX (green) and early replication signals in WT (left) and lamin A/C KO (right) cells. Early 

replication signals are labeled with EdU (magenta) after 10 min of early S phase. Scale bars, 5 μm. Right, enlarged views of the regions highlighted by yellow 

boxes. Scale bars, 300 nm. 

(G) Quantification of the nearest-neighbor distances (NNDs) between γH2AX and early replication signals from the experiments in (F). The control group shows the 

NND between γH2AX and EdU signals after randomizing the spatial distribution of γH2AX. Each dot represents the average NND measured in a single cell (n ≥ 30). 

(H) Flow cytometry analysis showing the proportion of cells in S phase for WT and KO cells, with 6 independent replicates (each dot represents one replicate). For 

(C), (E), (G), and (H), data represent mean ± SE. **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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To explore the structural basis of this accessibility change, we 

performed high-throughput chromosome conformation capture 

(Hi-C) analysis in both WT and lamin A/C-deficient cells 

(Figures S14C and S14D). Compartment analysis showed mini

mal A/B switching upon lamin A/C depletion (Figures S14E and 

S14F), and TAD boundaries remained largely conserved 

(Figures S14G and S14H), consistent with the unchanged 

replication timing observed by BrdU-seq (Figure S3B). However, 

we observed a mild reduction in long-range interactions and an 

increase in shorter-range (TAD-scale) interactions (Figures 3B 

and 3C), and the distribution of the TAD interaction score 

(intra-TAD/[intra-TAD + inter-TAD]) was right-shifted in lamin 

A/C-deficient cells (Figure 3D). These findings suggest that lamin 

A/C depletion leaves compartments and TAD boundaries largely 

intact, but is associated with modest but significant reorganiza

tion of contact patterns within TADs/RDs.

Chromatin mobility has been linked to both structural organi

zation and replication efficiency.33,67,68 To assess whether the 

observed architectural changes are accompanied by altered 

chromatin dynamics, we performed single-molecule tracking of 

three CRISPR-SunTag-labeled genomic loci: (1) near the nuclear 

periphery, (2) within the nuclear interior, and (3) containing telo

meres (STAR Methods; Figure S15A). All three loci exhibited 

increased mobility under lamin A/C deficiency (Figures 3E and 

S15B), indicating globally enhanced chromatin dynamics.

These findings indicate that lamin A/C deficiency increases 

chromatin accessibility at early replication sites, accompanied 

by local structural reorganization and increased chromatin dy

namics. These combined changes contribute to a more permis

sive environment for early replication.

Lamin A/C regulates replication initiation by interacting 

with PCNA

Previous studies revealed that PCNA interacts specifically with 

the Ig-fold domain of lamin A/C at the C terminus, and disrupting 

this interaction induces replication stress.57,58 Accordingly, anal

ysis of lamin A/C interaction data from the BioGRID database69

also identified PCNA as a robust interacting partner of lamin 

Figure 3. Regulation of chromatin dynamics and structure by lamin A/C depletion 

(A) Chromatin accessibility at BrdU-seq peaks for WT (blue) and lamin A/C KO (orange) samples, 2 independent experiments. 

(B) Difference map of Hi-C interaction frequencies for chromosome 18 (in megabases) between WT and KO cells, at a resolution of 100 kb. The color gradient from 

blue to red represents the change in chromatin interactions, with blue indicating a decrease and red indicating an increase in interactions. 

(C) Hi-C interaction frequency as a function of increasing genomic distance (logarithmic scale) for WT and lamin A/C KO samples. Data are derived from two 

independent replicates. The vertical dashed lines mark ∼10 kb and ∼1 Mb. KO and WT curves show subtle but reproducible differences on both sides of this TAD- 

scale window, while overlapping closely within it. 

(D) Distribution of TAD scores in WT and lamin A/C KO samples. TAD scores are calculated as shown in the schematic: TAD score = intra-TAD interactions/(intra- 

TAD + inter-TAD interactions). The vertical dash lines indicate the median values of each plot line. Wilcoxon test, p < 0.01. 

(E) Averaged mean-squared-displacement (MSD) curves of three CRISPR-SunTag-labeled genomic loci tracked in WT and lamin A/C KO cells (>20 cells per 

locus; 3 independent experiments). The loci are located in distinct nuclear regions: one in the nucleoplasm (chr2: 1,218,818–1,227,201), one near the nuclear 

periphery (chr18: 13,673,058–13,676,522), and telomeric regions. Curves represent mean ± SEM.
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Figure 4. Interaction between lamin A/C and PCNA regulates replication initiation 

(A) Visualization of a selected interaction network of proteins identified in proximity to lamin A/C (magenta), showing only proteins with an interaction evidence 

score greater than 8 (according to BioGRID and Figure S16). PCNA is highlighted in green, as indicated in the figure key, to emphasize its role in the network. The 

other associated genes from the same organism (dark gray). Thicker connection lines (gray) represent stronger evidence supporting the interactions. 

(B) STED microscopy image showing the spatial distribution of lamin A/C (magenta) and PCNA (green) at the G1/S transition. Top: nuclear view. Scale bars, 5 μm. 

Bottom: magnified views of the regions highlighted by yellow boxes. Scale bars, 100 nm. 

(C) Frequency distribution of the nearest-neighbor distances between PCNA and lamin A/C in non-perinuclear regions, based on the analysis in (B). The x axis 

shows nearest-neighbor distances, and the y axis shows frequency. The control represents randomized lamin A/C distribution in non-perinuclear regions. Dashed 

lines show raw data, solid lines show lowess smoothed trends, and red arrows mark peaks of a notable subset in the experimental group. Data are based on more 

than 20 cells. **p < 0.01. 

(D) Representative images showing the distribution of early replication signals in lamin A/C KO cells (left), lamin A/C WT rescue cells (middle), and lamin A/C 

mutant rescue cells (right). After synchronization, cells were labeled with EdU for 10 min during early S phase. Scale bars, 5 μm. 

(E) Quantification of EdU fluorescence intensity per unit nuclear area from the experiments in (D). Each dot represents the mean nuclear EdU intensity measured in 

a single cell. Data represent mean ± SE, with n ≥ 30 cells. ns, p > 0.05 and ****p < 0.0001.
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A/C (Figures 4A and S16). To investigate how this interaction reg

ulates DNA replication initiation, we employed super-resolution 

microscopy to examine the spatial distribution of lamin A/C 

and PCNA during the G1/S transition. Both PCNA and lamin 

A/C were observed as punctate clusters within the nuclear inte

rior (Figure 4B). Interestingly, by calculating the NND between 

PCNA and lamin A/C, we identified two distinct populations of 

lamin A/C clusters within the nuclear interior, in contrast to a ran

domized lamin A/C distribution control. The majority were 

located 200 to 400 nm away from PCNA, exhibiting a distribution 

consistent with random chance, which suggests that these clus

ters may serve PCNA-independent functions. However, a 

notable subset, representing 14.3% of the lamin A/C clusters, 

was found in close proximity to PCNA, at distances of less 

than 100 nm (Figures 4B and 4C). Expanding on the previous re

ports,58 the proximity between lamin A/C and PCNA suggests a 

regulatory role for their interaction in controlling early replication 

synthesis at the onset of DNA replication.

To further elucidate the role of the interaction between PCNA 

and lamin A/C during early replication, we conducted rescue ex

periments in lamin A/C-deficient cells by expressing either WT 

lamin A/C or lamin A/C Ig-fold deletion mutant, lacking the inter

action with PCNA. Reintroducing WT lamin A/C restored early 

replication activity to WT levels (Figures 4D and 4E). In contrast, 

the reintroduction of the lamin A/C Ig-fold deletion mutant failed 

to rescue the phenotype and showed early replication signals 

comparable to lamin A/C-deficient cells; both conditions were 

significantly higher than WT levels (Figures 4D and 4E).

To directly assess how the Ig-fold deletion affects PCNA teth

ering, we quantified the NND between PCNA and lamin A/C. In 

cells expressing the Ig-fold mutant, the PCNA-lamin A/C dis

tance distribution peaked at ∼200 nm and overlapped with ran

domized controls (Figure S17), indicating a loss of PCNA enrich

ment in the vicinity of lamin A/C. These findings highlight that the 

interaction between lamin A/C and PCNA is required for proper 

regulation of early replication synthesis and the maintenance of 

genome stability.

Lamin A/C deficiency increases PCNA recruitment to 

replication domains

Our previous study showed that PCNA sites are maintained at 

the periphery of RDs from G1 to G1/S phase, suggesting that 

its positioning is crucial for replication initiation.33 Given this, 

we hypothesized that lamin A/C deficiency might alter the spatial 

distribution of PCNA. To test this hypothesis, we followed a la

beling and analysis protocol based on our previous work 

(STAR Methods). Briefly, cells were first synchronized and 

released into the S phase, with EdU incorporated for 45 min to 

label early replicating domains. In the subsequent cell cycle, 

the cells were re-arrested at the G1/S transition and labeled for 

both EdU and PCNA. ExM was then used to image the labeled 

cells, and the spatial distribution of PCNA relative to RDs was 

quantified using the barycenter distance distribution (BDD) 

calculation,33 defined as the physical distance between the bary

center of an RD and the barycenter of PCNA, normalized by the 

radius of gyration of the RD.

Expanding on our prior findings,33 we confirm that PCNA was 

primarily located at the periphery of RDs in WT cells during the 

G1/S transition (Figures 5A and 5B). This spatial organization re

mained largely unchanged in lamin A/C-deficient cells, with BDD 

values both close to 1. However, further analysis revealed that 

lamin A/C deficiency influenced the enrichment of PCNA near 

RDs. Specifically, we observed an increase in the number of 

PCNA clusters and an overall increase in PCNA fluorescence in

tensity near RDs under lamin A/C deficiency (Figures 5C and 5D). 

To determine whether these PCNA signals correspond to active 

replication, we performed a 10-min EdU pulse at early S phase 

and quantified the spatial proximity between EdU-labeled early 

replication sites and PCNA. The NND between EdU and PCNA 

signals was strongly shifted toward short distances compared 

with a randomized control, with a median below 100 nm 

(Figure S18). This indicates that the majority of PCNA puncta 

we detect are closely associated with ongoing replication activ

ity. These observations support the view that lamin A/C loss in

creases PCNA accumulation at replication-associated regions. 

Additionally, to further validate these observations, we conduct

ed cleavage under targets and tagmentation (CUT&Tag)70 ex

periments (STAR Methods) and demonstrated a significant 

enhancement of PCNA enrichment on chromatin in lamin A/C- 

deficient cells (Figure S19). These spatial observations were 

independently validated by STED microscopy, with consistent 

results across biological replicates (Figure S20). Collectively, 

these results suggest that lamin A/C deficiency increases 

PCNA enrichment at early replication sites, thereby supporting 

the formation of additional initial replication forks and contrib

uting to enhanced early replication.

Figure 5. Spatial distribution of RDs, PCNA, and lamin A/C in WT and lamin A/C KO cells 

(A) Representative ExM images showing the spatial distribution of PCNA (green) and RD (magenta) in WT (left) and Lamin A/C KO (right) cells. Scale bars, 5 μm. 

Below: enlarged rendered views of the regions highlighted by yellow boxes, and the white circle indicates the target RDs. Scale bars, 300 nm. 

(B) Dot plot quantifying the normalized barycenter distances between the centers of PCNA and RD in WT and lamin A/C KO cells from the experiments in (A). The 

BDD value by random simulations was 0.71.33

(C) Dot plot quantifying the total PCNA fluorescence intensity near the RD (within 1.5 times the radius of gyration of the RD) in WT and lamin A/C KO cells from the 

experiments in (A). 

(D) Dot plot showing the number of PCNA clusters near the RD (within 1.5 times the radius of gyration of the RD) in WT and lamin A/C KO cells from the ex

periments in (A). 

(E) Representative ExM images showing the spatial distribution of RD (magenta) with lamin A/C (green, left) or PCNA (green, right) in WT cells. Scale bars, 5 μm. 

(F) Enlarged rendered views of the yellow-boxed regions in (E). Left: the distribution of RD (magenta) and lamin A/C (green). Right: the distribution of RD (magenta) 

and PCNA (green). Bottom: fluorescence intensity line profiles along the yellow line. 

(G) Dot plot quantifying the nearest-neighbor distances between the centroids of RD and PCNA or lamin A/C clusters from the experiments in (E). The random 

group represents the nearest-neighbor distances between RD and randomly distributed PCNA or lamin A/C clusters. For (B), (C), (D), and (G), data represent 

mean ± SE, with each dot representing a cell (n ≥ 30). ns, p > 0.05; *p < 0.05; **p < 0.01; and ****p < 0.0001.
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To further examine how lamin A/C is spatially related to RDs 

and PCNA, we conducted simultaneous imaging of these three 

components at the G1/S transition. The NND analysis revealed 

that both lamin A/C and PCNA were in close spatial proximity 

to RDs (Figures 5E–5G). This supports the notion that lamin 

A/C is partly associated with RDs and may help maintain their 

higher-order architecture (Figure 3). In parallel, PCNA was 

located approximately 40 nm closer to RDs than lamin A/C, 

consistent with PCNA’s direct engagement in DNA replication, 

whereas lamin A/C likely acts as a structural scaffold. The 

observed spatial organization complements the enrichment an

alyses of PCNA (Figures 5A–5D) and supports a model in which 

lamin A/C contributes to the structural organization of RDs.

Lamin A/C regulates PCNA expression and available 

portion

Previous studies have shown that the Lap2α-Lamin A/C complex 

regulates PCNA expression by modulating pRb and E2F1 activ

ity,71,72 suggesting that lamin A/C influences PCNA expression. 

To assess this, we first quantified PCNA expression at both the 

RNA and protein levels and observed a significant elevation in 

lamin A/C-deficient compared to WT cells (Figures 6A–6C). We 

also observed elevated PCNA immunofluorescence intensity 

during the G1/S transition, coinciding with increased early repli

cation signal (Figures 6D and 6E). These findings provide addi

tional evidence supporting the regulatory role of lamin A/C in 

PCNA expression. Furthermore, fluorescence intensity analysis 

revealed a positive correlation between PCNA levels and 

10 min EdU incorporation, linking PCNA upregulation to early 

replication (Figure 6F). Consistently, partial reduction of PCNA 

in lamin A/C-deficient cells decreased the early replication signal 

toward WT levels (Figure S21), indicating that PCNA abundance 

contributes to the elevated replication activity in the absence of 

lamin A/C. Beyond controlling expression, lamin A/C also acts as 

an immobile nuclear scaffold protein that physically interacts 

with PCNA. This interaction raises the possibility that lamin A/C 

sequesters free PCNA molecules within the nucleus and regu

lates their availability to early replication sites. To evaluate this, 

we generated stable cell lines expressing HaloTag-fused 

PCNA in both WT and lamin A/C-deficient cells. The mobility of 

A B C D E

F G
H I

Figure 6. Impact of lamin A/C depletion on PCNA dynamics and expression 

(A) Quantification of relative PCNA transcriptional levels in WT and lamin A/C KO cells using reverse transcription quantitative PCR (RT-qPCR) (3 replicates). 

(B) Representative immunoblot showing PCNA expression levels in WT and lamin A/C KO cells. 

(C) Quantification of relative PCNA protein levels from the experiments in (B) (3 replicates). 

(D) Representative images showing the nuclear distribution of PCNA at the G1/S transition in WT (top) and lamin A/C KO (bottom) cells. Scale bars, 5 μm. 

(E) Quantification of nuclear PCNA fluorescence intensity per unit area from the experiments in (D), with each dot representing the average PCNA fluorescence 

intensity measured in a single cell (n > 20). 

(F) Scatterplot showing the correlation between the mean fluorescence intensity of PCNA and 10-min EdU labeling signals in WT (black) and PCNA over

expression cells (red). Each dot represents the average fluorescence measured in a single cell. Statistical significance was evaluated by correlation analysis. The 

dashed line shows the trend calculated by a simple regression model. 

(G) Frequency histogram plot of the anomalous diffusion index (α) for PCNA molecules during the G1/S transition in both cell types. 

(H) Violin plot showing the diffusion coefficients of free PCNA molecules (α ≥ 0.7) at the G1/S transition in both cell types. 

(I) Violin plot showing the diffusion coefficients of DNA-bound PCNA molecules (α < 0.7) at the G1/S transition in both cell types. For (A), (C), and (E), data represent 

mean ± SE. For (H) and (I), data are shown as median ± quartiles. For (G)–(I), data are from more than 7 cells. For (A), (C), (E), (H), and (I), ns, p > 0.05; *p < 0.05; 

***p < 0.001; and ****p < 0.0001.
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single PCNA molecules at the G1/S transition was tracked in 

real-time (Figure S22) with HaloTag, which is a modified dehalo

genase that binds to ligands conjugated with fluorescent dyes 

and enables precise live-cell protein tracking.73 Single-particle 

tracking of PCNA molecules allowed us to quantify their motion 

during the G1/S transition. Analysis of the anomalous diffusion 

exponent (α) revealed two mobility states: a DNA-bound popula

tion (α < 0.7) and a freely diffusing population (α ≥ 0.7). Lamin A/C 

deficiency led to a higher proportion of freely diffusing PCNA 

(Figure 6G), indicating an enlarged pool of unbound PCNA avail

able for recruitment. Because total PCNA expression is also 

elevated (Figure 6F), both the freely diffusing and DNA-bound 

populations increased in absolute abundance. The absolute 

amount of DNA-bound PCNA revealed a ∼1.6-fold increase in 

lamin A/C-deficient cells compared to WT cells, in line with the 

enhanced PCNA enrichment toward RDs (Figure 5C). These find

ings highlight that lamin A/C deficiency increases both the pool 

of freely diffusing PCNA and the absolute amount of DNA-bound 

PCNA, which is consistent with greater PCNA availability for 

recruitment to early replication sites in early S phase.

We next analyzed the diffusion coefficient (D) as a measure of 

mobility within each population. The mobility of freely diffusing 

PCNA remained comparable between WT and KO cells 

(Figure 6H), whereas the DNA-bound population exhibited a 

modest but significant increase in mobility (Figure 6I). This 

elevated mobility likely reflects a more dynamic chromatin envi

ronment in lamin A/C-deficient nuclei, consistent with the 

increased chromatin dynamics (Figure 3).

Collectively, our data show that lamin A/C deficiency is 

accompanied by higher PCNA abundance and a larger mobile 

PCNA fraction in early S phase. These observations, together 

with increased early replication synthesis, are consistent with a 

model in which lamin A/C acts as a spatial buffer that limits the 

pool of freely available PCNA and thereby modulates its effective 

availability at replication sites.

DISCUSSION

Our study reveals that lamin A/C regulates DNA replication initi

ation and genome stability. Specifically, lamin A/C deficiency led 

to an increased number of activated replication sites in the early 

S phase (Figure 1), which is accompanied by increased replica

tion-dependent DNA damage and genomic instability (Figure 2). 

These phenotypes are linked to accelerated chromatin dynamics 

and reorganized chromatin architecture, including altered 

domain-level interactions and increased accessibility at RDs 

(Figure 3). Moreover, the direct interaction between lamin A/C 

and PCNA via the Ig-fold domain regulates replication initiation 

(Figure 4). Super-resolution imaging revealed increased PCNA 

enrichment at RD boundaries (Figure 5), which is supported by 

elevated PCNA expression and a higher proportion of freely 

diffusing PCNA molecules under lamin A/C deficiency 

(Figure 6). Together, these findings support a two-pronged 

model in which lamin A/C acts as a spatial gatekeeper to limit 

excessive replication and preserve genomic integrity by restrict

ing chromatin movement to stabilize RD organization and limit 

replication site accessibility, and by modulating PCNA availabil

ity through direct sequestration and suppression of expression.

Prior studies have established that replication origin licensing 

is achieved during the G1 phase by ORC-mediated loading of the 

MCM2-7 helicase to prepare origins for replication activation in S 

phase,8,9 while ATR-Chk1 checkpoint suppresses unscheduled 

origin firing, especially under replication stress.74,75 These ca

nonical pathways govern both the timing and efficiency of repli

cation origin activation. In parallel, our findings reveal that lamin 

A/C limits early replication initiation density, without markedly 

influencing replication timing (Figures 1F and S3B). Beyond the 

canonical mechanism, lamin A/C may regulate replication initia

tion through structural constraints on both chromatin and the 

spatial enrichment of PCNA.

First, these structural constraints build upon prior studies 

extensively demonstrating lamin A/C’s architectural roles in 

organizing nuclear compartments.50,51,53 Prior work has laid 

the foundation for understanding how lamin loss disrupts chro

matin architecture by altering TAD interactions and detaching 

LADs (lamin-associated domains) from the nuclear lamina.53

Lamin A/C deficiency has also been reported to be associated 

with increased chromatin accessibility across broad genomic re

gions.76 Extending these observations, our results not only 

confirmed the reorganization of higher-order chromatin domains 

but also revealed increased chromatin accessibility preferentially 

at replication initiation zones (Figure 3C), suggesting that lamin 

A/C-mediated nuclear architecture may contribute structurally 

to replication initiation control. Although our study does not 

address potential compensatory effects from other lamins, the 

observed chromatin changes in lamin A/C-deficient cells sup

port a model in which lamin A/C constrains replication initiation 

by maintaining the integrity and stability of RDs.

Second, these structural constraints are complemented by the 

previously described Lap2α-lamin A/C complex, which regulates 

PCNA expression through the pRb-E2F axis.71,72 In addition to 

this transcriptional regulation, lamin A/C also exerts direct spatial 

control by constraining PCNA diffusion (Figure 6G). Although 

PCNA, unlike canonical initiation regulators (e.g., CDC45/ 

GINS1),14,77 acts downstream of origin licensing and firing, it is 

essential for replisome progression.10,11 Accordingly, its local 

enrichment can provide a permissive environment for replisome 

assembly at the onset of S phase. Consistently, our data suggest 

that lamin A/C-mediated PCNA tethering may buffer PCNA avail

ability and contribute an additional layer of spatial control over 

DNA replication initiation density.

In summary, our study integrates super-resolution microscopy, 

single-molecule tracking, and genome sequencing to dissect 

how early replication sites are spatially organized and regulated. 

By directly visualizing the number of replication sites (Figure 1C), 

PCNA distribution (Figure 5A), and the spatial relationship be

tween early replication and DNA damage (Figure 2F), our results 

support a model of lamin A/C’s regulation of replication initiation. 

These findings have broader implications for understanding how 

nuclear structure contributes to genome stability in both physio

logical and pathological contexts. For example, lamin A/C is 

frequently downregulated or mutated in laminopathies and can

cers,46,56 and such alterations are associated with increased 

DNA damage and genomic instability. Our findings suggest that 

lamin A/C regulates replication initiation and that its deficiency 

may lead to increased replication-associated genome instability. 

12 Cell Reports 45, 117075, March 24, 2026 

Article
ll

OPEN ACCESS



This regulatory pathway may provide a mechanistic link between 

lamin A/C dysfunction and tumorigenesis. Moreover, some vi

ruses, such as HPV, have been reported to downregulate lamin 

A/C,56 potentially creating a more permissive replication environ

ment. The prolonged S phase observed under lamin A/C defi

ciency in our study may further facilitate viral genome integration 

and replication.

Limitations of the study

While our study reveals correlations among lamin A/C defi

ciency, increased RD accessibility, elevated PCNA availability, 

enhanced early replication, and increased DNA damage, the 

causal order of these events cannot be definitively established 

from our mainly steady-state analyses. Temporally resolved an

alyses and acute depletion approaches would be needed to 

delineate the causal hierarchy among these phenotypes. Addi

tionally, while the lamin A/C Ig-fold domain appears critical for 

restraining replication initiation, it mediates other protein inter

actions, and our current data cannot exclude additional 

PCNA-independent functions. Thus, the specific contribution 

of the lamin A/C-PCNA interaction to the observed phenotypes 

remains only partially resolved. We were also not able to 

perform a clean gain-of-function test of PCNA sufficiency: 

constitutive overexpression perturbs cell-cycle homeostasis 

and genome stability.78,79 Inducible, titratable systems will be 

required to evaluate PCNA dosage effects in a physiologically 

relevant manner.

Beyond PCNA, we did not determine whether lamin A/C also 

regulates other replication factors, such as the MCM complex. 

Moreover, PCNA loading and unloading are regulated by RFC 

and ATAD5/Elg1 complexes,10,80,81 and potential interfaces be

tween lamin A/C and these pathways were not addressed here. 

Finally, all experiments were performed in cultured cell lines; we 

did not investigate lamin A/C-mediated replication control in pri

mary tissues or in vivo. As a result, the physiological and patho

logical relevance of this mechanism in development, cancer, and 

viral infection remains to be established.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-BrdU (B44) BD Biosciences Cat# 555627; RRID: AB_395993

Rabbit anti-PCNA Cell Signaling Technology Cat# 13110; RRID: AB_2636979

Rabbit anti-Lamin A/C Cell Signaling Technology Cat# 4777; RRID: AB_10545756

Rabbit anti-pH2AX Cell Signaling Technology Cat# 9718; RRID: AB_2118009

Rabbit anti-CTCF Abcam Cat# ab128873; RRID: AB_11144295

Rabbit anti-pRPA (S33) Abcam Cat# ab211877; RRID: AB_2818947

Secondary antibodies (various conjugates: 

Alexa Fluor, STAR Red, STAR Orange, etc.)

Thermo Fisher, Abberior, etc. see method details

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat# 11965-092

Penicillin-Streptomycin Gibco Cat# 15140-122

Trypsin (0.25%) Gibco Cat# 25200-056

Thymidine Sigma-Aldrich Cat# T1895

Aphidicolin Sigma-Aldrich Cat# A0781

BrdU Sigma-Aldrich Cat# B5002

EdU Thermo Fisher Scientific Cat# C10337

Bovine Serum Albumin (BSA) Sigma-Aldrich Cat# A7906

Triton X-100 Sigma-Aldrich Cat# T8787

SIR azide CONFLUORE Cat# BSR-2-1mg

RIPA buffer Yeasen Cat# 20101ES60

Vazyme magnetic beads Vazyme Cat# N401-01

Protein G-Dynabeads Invitrogen Cat# 10004D

Formaldehyde (PFA) Sigma-Aldrich Cat# F8775

Acrylamide (AaM) Sigma-Aldrich Cat# A9099

Sodium acrylate (SA) Sigma-Aldrich Cat# 408220

N,N′-methylenebisacrylamide (DHEBA) Sigma-Aldrich Cat# 146072

TEMED Sigma-Aldrich Cat# T9281

Ammonium persulfate (APS) Sigma-Aldrich Cat# A3678

Nocodazole Sigma-Aldrich Cat# M1404

XL413 MCE Cat# HY-15260

GP-transfect-Mate GenePharma Cat# G04008

Neofect transfection reagent Neofect Cat# TF201201

Critical commercial assays

Click-iT EdU Imaging Kit Thermo Fisher Scientific Cat# C10337

Vazyme CUT&Tag kit Vazyme Cat# TD904

Vazyme library prep kits Vazyme Cat# NE103, Cat# TD202/TD203

Deposited data

Raw and processed sequencing data 

(BrdU-seq, Hi-C, ATAC-seq, RNA-seq, 

Cut&Tag)

GEO GEO: GSE289473, GSE289474, GSE289475

Experimental models: cell lines

HeLa S3 Kind gift from Dr. Wei Guo, 

University of Pennsylvania

N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study utilized HeLa S3 and MDA-MB-231 cell lines. Lamin A/C KO cell lines were generated from both HeLa S3 and MDA-MB- 

231 cells. A HeLa S3 cell line stably expressing PCNA-HaloTag was also established. All cell lines were cultured and generated as 

described in the method details section below.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MD-MBA-231 Kind gift from Dr. Wei Guo, 

University of Pennsylvania

N/A

Lamin A/C knockout–HeLa S3 This study N/A

Lamin A/C knockout–MDA-MB-231 This study N/A

Halotag-PCNA-HeLa S3 This study N/A

Oligonucleotides

PCNA-targeting siRNA GenePharma GACCAGGCGCGCCTCGAACA

sgRNA for Lamin A/C knockouts Tsingke HeLa S3: 5′-CGTCATGAGACCCGACTGG-3’; 

MDA-MB-231: 5′-CGTCATGAGACCCGACTGG-3′

and 5′-CATCGACCGTGTGCGCTCGC-3

Recombinant DNA

lentiCRISPR v2 Addgene 52961

psPAX2 Addgene 12260

pMD2.G Addgene 12259

Cas9-sgRNA plasmid (PX330) Addgene 42230

HaloTag-PCNA donor plasmid Addgene 170818

Software and algorithms

Bowtie2 Langmead and Salzberg82 http://bowtie-bio.sourceforge.net/bowtie2

MACS2 Zhang et al.83 https://github.com/macs3-project/MACS

DiffBind R Bioconductor https://bioconductor.org/packages/release/ 

bioc/html/DiffBind.html

DESeq2 R Bioconductor https://bioconductor.org/packages/release/ 

bioc/html/DESeq2.html

ChIPseeker R Bioconductor https://bioconductor.org/packages/release/ 

bioc/html/ChIPseeker.html

IGV Broad Institute https://software.broadinstitute.org/software/igv/

HiC-Pro Servant et al.84 https://github.com/nservant/HiC-Pro

Huygens Professional Scientific Volume Imaging https://svi.nl/Huygens-Professional

Fiji Schindelin et al.85 https://fiji.sc/

TrackMate Tinevez et al.86 https://imagej.net/plugins/trackmate/

ThunderSTORM Ovesný et al.87 https://zitmen.github.io/thunderstorm/

SR-Tesseler Levet et al.88 http://nautica.u-strasbg.fr/srtesseler/

Custom MATLAB scripts This study NA

Custom Python scripts This study NA

GraphPad Prism GraphPad version 9

Other

35 mm glass-bottom dish Cellvis Cat# D35-20-1.5-N

TetraSpeck Microspheres Thermo Fisher Scientific Cat# T7279

Nikon N-STORM microscope Nikon Ni-E

Abberior STED microscope Abberior Stedycon

Olympus IX83 microscope Olympus IX83

Andor EMCCD camera Andor Ixon Ultra EMCCD
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METHOD DETAILS

Cell culture

HeLa S3 cells and MDA-MB-231 cells were cultured in 10 cm plastic dishes (Corning, 430167) or 35 mm glass-bottom dishes (Cellvis, 

D35-20-1.5-N) to facilitate monitoring and imaging. The cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 

11965-092) supplemented with 10% fetal bovine serum (Gibco, 10099-141) and 100 U/mL penicillin-streptomycin (Gibco, 15140- 

122). Cultures were incubated at 37◦C in a humidified atmosphere containing 5% CO2 (Thermo Scientific, Forma Series II). Cell lines 

were authenticated by short tandem repeat (STR) profiling following ANSI/ATCC ASN-0002-2011 guidelines. Cells were routinely 

tested for mycoplasma contamination and were negative throughout the study. Cell growth was monitored regularly, and subcultur

ing was performed every 2–3 days when confluency reached approximately 80%, using 0.25% trypsin (Gibco, 25200-056).

Cell synchronization

To synchronize the cell cycle at the G1/S transition, a combination of thymidine and aphidicolin was employed (Figure S2A). Cells 

were treated with 2 mM thymidine (Sigma-Aldrich, T1895) for 16 h to block DNA synthesis. Following three washes with PBS (Gibco, 

C14190500BT), cells were incubated in fresh DMEM for 10 h. Aphidicolin (Sigma-Aldrich, A0781) was then added at a final concen

tration of 2 μg/mL for 16 h, effectively enhancing the synchronization at the G1/S transition. The following release was conducted 

using 10 μM EdU or 16 μM BrdU in DMEM, with varying incubation duration, as described respectively in the article.

In the non-aphidicolin-induced approach (Figure S8A), cells were synchronized in the M phase using nocodazole (Sigma-Aldrich, 

M1404), which inhibits spindle formation. Cells were incubated with 100 ng/μL nocodazole for 16 h. Detached mitotic cells were 

collected by gently shaking the culture dishes, and after centrifugation, the cells were washed three times with PBS. The cells 

were subsequently released into DMEM containing 10 μM EdU (Thermo Fisher Scientific, C10337) for 8 h to label cells entering early 

S phase.

DDK inhibition and SiRNA knockdown of PCNA

Where indicated, CDC7/DBF4 (DDK) activity was inhibited using the small-molecule DDK inhibitor XL413 (MCE, HY-15260). Cells 

were synchronized at the G1/S transition as described above. One hour before release into S phase, cells were pre-incubated 

with XL413 (10 μM) in fresh pre-warmed DMEM. At the time of release, the medium was replaced with fresh pre-warmed medium 

containing 10 μM EdU (10 min pulse for replication labeling), while maintaining XL413 at 10 μM. Cells were then fixed and processed 

as described in the corresponding sections.

For partial depletion of PCNA, Lamin A/C-deficient HeLa cells were transfected with small interfering RNAs targeting PCNA (sense 

5′-GCGUGAACCUCACCAGUAUTT-3′, antisense 5′-AUACUGGUGAGGUUCACGCTT-3’) using GP-transfect-Mate (GenePharma, 

G04008) according to the manufacturer’s instructions. siRNAs were transfected at a final concentration of 75 nM in Opti-MEM 6 h 

before thymidine treatment for synchronization to the G1/S transition. Cells were then released, fixed, and labeled as described in 

the corresponding sections.

PCNA or lamin A/C overexpression

Transient overexpression of PCNA or Lamin A/C was performed using mammalian expression plasmids encoding human PCNA-GFP 

or Lamin A/C-GFP (pcDNA3.1 backbone). HeLa cells were seeded onto glass-bottom dishes and transfected at ∼20% confluency 

using Neofect (TF201201) following the manufacturer’s protocol. Cells were transfected with 2 μg plasmid DNA per well and incu

bated for 6 h prior to thymidine treatment for synchronization to the G1/S transition. Cells were then released, fixed, and labeled 

as described in the corresponding sections.

Click chemistry and immunofluorescence

Click chemistry and immunofluorescence staining were used to detect DNA replication events and specific proteins. Cells were fixed 

and washed with PBS. To reduce non-specific binding, the samples were blocked in PBS containing 5% bovine serum albumin (BSA, 

Sigma-Aldrich, A7906) and 0.5% Triton X-100 (Sigma-Aldrich, T8787) for 45 min.

For click chemistry, the Click-iT EdU Imaging Kit (Thermo Fisher Scientific, C10337) was used to label EdU with the included AF647 

dye for STORM experiments or with 10 μM SIR dye for other experiments. When SIR dye was used for clicking, DMSO was added at a 

final concentration of 10% to enhance dye isolation.

For immunofluorescence, Primary antibodies against BrdU (BD, B44), PCNA (CST, 13110), Lamin A/C (CST, 4777), pH2AX (CST, 

9718), pRPA-S33 (ab211877), and CTCF (Abcam, ab128873) were diluted 1:200 in PBS with 5% BSA and 0.5% Triton X-100. For 

PCNA labeling, pre-treatment with cold methanol at − 20◦C was performed for 10 min prior to primary antibody incubation, following 

the manufacturer’s instructions. The samples were incubated with primary antibodies at room temperature for 1 h, followed by four 

washes with PBS containing 1% Triton X-100. Secondary antibodies conjugated to different dyes, chosen to suit specific imaging 

experiments (STED, ExM, and STORM), were applied at a 1:50 dilution and incubated for 1 h. After another series of washes, the 

samples were stored in PBS at 4◦C, protected from light until imaging.
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DNA fiber assay

The DNA fiber assay was used to measure replication fork progression and inter-track distance in synchronized cells. For replication 

fork progression measurements, HeLa cells were synchronized at the G1/S transition and released into S phase by washing three 

times with PBS, followed by incubation in DMEM containing 40 μM CldU and then 100 μM IdU, each for 20 min. For inter-track dis

tance measurements, cells were synchronized at the G1/S transition and released into early S phase in DMEM containing 40 μM CldU 

for 10 min, followed by 100 μM IdU for 50 min to label the replicated DNA backbone.

Cells were harvested using trypsin, resuspended in PBS, and collected by centrifugation. The cell pellet was washed three times in 

PBS, and 100 μL of lysis buffer (200 mM Tris-HCl (Sigma-Aldrich, T5941), 50 mM EDTA (Sigma-Aldrich, E6758), and 0.5% SDS 

(Sigma-Aldrich, L3771)) was added.

For DNA fiber, lysed DNA was applied to silanized coverslips and allowed to dry at room temperature for 3–5 min. Coverslips were 

tilted at an approximately 15-degree angle to allow the gradual flow of the buffer, ensuring uniform DNA stretching. After air drying, 

the DNA was fixed using a 3:1 methanol (Sigma-Aldrich, M1775)/acetic acid (Sigma-Aldrich, A6283) mixture. Newly synthesized DNA 

was labeled using immunofluorescence with anti-CldU (BD, B1/75) and anti-IdU (BD, B44) antibodies. For replication fork measure

ments, the lengths of individual CldU–IdU tracks were measured manually. Replication fork speed was calculated by converting 

physical fiber lengths into kilobases using a factor of 2 kb/μm. For inter-track distance, we measured the center-to-center distance 

between adjacent, clearly separated CldU-positive tracks along the same IdU-positive fiber; overlapping or ambiguous fibers were 

excluded from analysis.

Flow cytometry analysis

Flow cytometry was performed to quantify cell cycle progression. HeLa cells were incubated in 30 μM BrdU (Sigma-Aldrich, B5002) 

for 60 min, then washed with PBS and trypsinized. After resuspension in DMEM containing 10% fetal bovine serum (FBS; Sigma- 

Aldrich, F2442), cells were collected by centrifugation at 200g for 3 min. They were washed twice with PBS and fixed by adding 

ice-cold 70% ethanol in a 3:1 ratio with PBS, followed by storage at − 20◦C overnight.

The next day, cells were washed twice with PBS, resuspended in PBS, and treated with 100 μg/mL RNase A (Sigma-Aldrich, 

R6513) and 0.2% Triton X-100 (Sigma-Aldrich, X100) at 37◦C for 30 min. Propidium iodide (PI; Solarbio, P8080-10) was added at 

a final concentration of 50 μg/mL, and the cells were incubated for 30 min at room temperature. Flow cytometry was conducted using 

a BD analyzer, with a minimum of 10,000 cells collected per sample. Debris and doublets were excluded by gating on FSC-A/SSC-A 

and PE-A/PE-W plots. Data were analyzed to determine the proportion of cells in the S phase, with voltage adjustments made to 

ensure accurate separation of G1, S, and G2/M phases in PI-A histograms.

BrdU-seq

BrdU-seq (5-bromo-2′-deoxyuridine sequencing) was modified from the previous study89 for replication initiation detection. Cells 

were synchronized at the G1/S transition and labeled for 10 min to correspond with imaging results.

HeLa cells were cultured in 10 cm dishes at a density of ∼20%, then synchronized at either the G1/S transition or specific points in 

S phase. After synchronization, cells were washed three times with PBS. BrdU (Sigma-Aldrich, B5002) was added to the medium to 

label replicating DNA for specific durations. Following labeling, cells were washed with PBS and lysed in RIPA buffer (Yeasen, 

20101ES60) containing RNase A (Qiagen, 19101) and Proteinase K (Thermo Fisher Scientific, EO0491) at final concentrations of 

0.1 mg/mL and 0.2 mg/mL, respectively. Lysis was carried out in a thermomixer first at 37◦C for 2 h, followed by 55◦C for 5 h to ensure 

complete cell lysis and DNA release.

Genomic DNA was extracted from the lysate using phenol-chloroform extraction to ensure purity. DNA was mixed with phenol- 

chloroform-isoamyl alcohol (24:25:1) at a 1:1 ratio, shaken for 5 min, and allowed to settle for phase separation. After centrifugation 

(15,000 g, 10 min), the upper aqueous phase containing the DNA was collected. The extraction was repeated, and the DNA was 

precipitated with ethanol and 3 M sodium acetate (pH 5.5). DNA was pelleted by centrifugation (16,000 g, 30 min at 4◦C), washed 

with 75% ethanol, air-dried, and resuspended in ultrapure water.

The extracted DNA was fragmented into ∼200 bp fragments using a Covaris sonicator (175 W, 10% duty cycle, 200 cycles per 

burst). Fragmented DNA was then purified using Vazyme magnetic beads (Vazyme, N401-01). Following DNA fragmentation, 

BrdU-labeled DNA was denatured to single-stranded DNA by heat treatment. The denatured DNA was incubated with BrdU-specific 

antibodies (BD, 555627) in an immunoprecipitation buffer. Protein G-Dynabeads (Invitrogen, 10004D) were used to capture the anti

body-DNA complexes. The immunoprecipitated DNA was washed extensively, and the DNA was eluted with TE buffer. The recov

ered DNA fragments were used to generate sequencing libraries with the Vazyme single-strand DNA library preparation kit (Vazyme, 

NE103). Libraries were sequenced on an Illumina platform.

Sequencing data were preprocessed to remove low-quality reads, and adapter sequences were trimmed using Trim Galore. Pro

cessed reads were aligned to the human reference genome (hg19) using Bowtie2. Peak calling was performed using MACS283 to 

identify BrdU-enriched regions. Visualization of BrdU-labeled regions was done using the Integrative Genomics Viewer (IGV). Differ

ential analysis between WT and Lamin A/C KO cell lines was conducted using DiffBind and DESeq2,90 with significant peaks iden

tified by thresholds of p < 0.05 and log2FoldChange >1 or < − 1. When considering the reported fork speed (∼1 Kbp/min),91,92 an 

estimated 10-min replication peak length of ∼10 Kbp was chosen to select the peak containing at least one early replication site.
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Hi-C

Hi-C was performed as described previously.23 HeLa cells were cross-linked with 3% formaldehyde at room temperature for 10 min, 

followed by quenching with 0.125 M glycine. Nuclei were isolated, and chromatin was digested using a restriction enzyme, HindIII, for 

16 h at 37◦C. Digested DNA ends were biotinylated and ligated in situ to create proximity ligation products. Cross-links were 

reversed, and the DNA was purified. Biotin-labeled ligation junctions were isolated using streptavidin-coated beads, and the libraries 

were prepared using standard Illumina sequencing protocols.

Sequencing reads were aligned to the reference genome hg19, and interaction maps were generated using the computational 

tools HiC-Pro.84 Hi-C raw matrices were normalized by ICE (iterative correction and eigenvector decomposition).93 After normaliza

tion, the genome-wide relative contact maps are comparable among each sample; the subsequent analysis was based on the 

normalized matrix. The genome was partitioned into A/B compartments according to the first principal component values: positive 

values defined compartment A (higher gene density), while negative values defined compartment B. For TAD analysis, we utilized 

ICE-normalized matrices at a 40-kb resolution to identify TADs using the Perl script matrix2insulation.pl (http://github.com/ 

blajoie/crane-nature-2015).

ATAC-seq

ATAC-seq was performed to assess chromatin accessibility as previously described.94 Briefly, nuclei were extracted from G1/S-tran

sition synchronized cells using lysis buffer and centrifuged at 500×g for 5 min at 4◦C. Nuclei pellets were resuspended in the Tn5 

transposase reaction mix and incubated at 37◦C for 30 min. Following transposition, equimolar adapters were ligated, and the result

ing libraries were amplified by PCR. Libraries were purified using AMPure beads and quantified using a Qubit fluorometer. 

Sequencing was conducted on an Illumina NovaSeq 6000 platform with 150 bp paired-end reads.

Raw sequencing reads were processed to remove adapters, poly-N sequences, and low-quality reads (base quality <15 for >40% 

of reads). Clean reads were aligned to the reference genome hg19 using Bowtie2.82 Reads derived from mitochondrial DNA or with 

low mapping quality (MAPQ <13) were excluded. Only uniquely mapped and de-duplicated reads were retained for analysis. Peak 

calling was performed using MACS2 (v2.2.7.1) with the default parameters. Identified peaks were annotated using ChIPseeker to 

associate them with nearby genes, followed by Gene Ontology (GO) and KEGG pathway enrichment analyses to identify functional 

enrichment. Differential peak analysis between groups was performed using Bedtools,95 with differential peaks defined as having a 

fold change >2 (|log2FC| > 1). All experiments were conducted in triplicate to ensure reproducibility, and statistical significance was 

determined with a threshold of p < 0.05.

Cut&Tag

The Cut&Tag protocol was adapted from a previous study70 for efficient profiling of chromatin-bound factors. Cut&Tag was per

formed using the Vazyme CUT&Tag kit (#TD904) according to the manufacturer’s instructions, with minor modifications. Briefly, 

approximately 100,000 HeLa cells were harvested and permeabilized with digitonin in wash buffer. ConA beads were activated 

and incubated with cells at room temperature for 10 min. Primary antibodies(PCNA) against the target protein were added, and 

the reaction was incubated overnight at 4◦C. The next day, samples were washed and incubated with a secondary antibody 

conjugated to Protein A-Tn5 transposase. Following tagmentation, DNA was extracted using DNA Clean Beads (Vazyme #N411) 

and purified. The libraries were amplified using the Vazyme library amplification primers (#TD202/TD203) and sequenced on an Illu

mina NovaSeq 6000 platform. Sequencing reads were aligned to the reference genome, and peaks were called using MACS2.83 The 

subsequent analysis process was the same as that of ATAC-seq.

RNA-seq

Total RNA was extracted and its integrity assessed using the RNA Nano 6000 Assay Kit on the Bioanalyzer 2100 system (Agilent 

Technologies). mRNA was enriched using poly-T magnetic beads, fragmented, and reverse transcribed into cDNA. Following end 

repair, A-tailing, and adaptor ligation, 370–420 bp cDNA fragments were selected, PCR amplified, and subjected to quality control 

using a Qubit Fluorometer, Agilent 2100, and qRT-PCR to ensure effective library concentrations (>2 nM). Qualified libraries were 

sequenced on the Illumina NovaSeq 6000 platform, generating 150 bp paired-end reads. Raw data were processed to remove 

low-quality reads and adapters, producing high-quality clean reads. Reads were mapped to the reference genome using STAR,96

and gene expression levels were quantified as FPKM using featureCounts, accounting for sequencing depth and gene length. Dif

ferential expression analysis was performed using the DESeq290 R package (v1.20.0) with two biological replicates per condition. 

Significant genes were identified based on padj <0.05 and |log2(fold change) | > 1. Genes with p-value <0.05 and fold change 

>0.5 were further analyzed in DAVID (KEGG and GO analysis were focused). Terms with FDR <0.05 were ranked by count, and 

the top 10 pathways with the highest counts were selected for display.

Stable cell line construction

Lamin A/C KO cell line: sgRNAs targeting Lamin A/C (CGTCATGAGACCCGACTGG for HeLa S3, CGTCATGAGACCCGACTGG and 

CATCGACCGTGTGCGCTCGC for MDA-MB-231) were respectively inserted into the lentiCRISPR v2 vector. Lentiviral particles were 

generated by co-transfecting HEK293T cells with lentiCRISPR v2, psPAX2, and pMD2.G plasmids in a 5:3:2 ratio using PEI MAX 

40000 (Polysciences, USA). The viral supernatants were harvested 48 h after transfection and concentrated by ultracentrifugation 
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at 20,000 × g for 90 min at 4◦C. MDA-MB-231 cells were infected with the concentrated lentivirus in the presence of 8 μg/mL poly

brene (Sigma-Aldrich, USA). Transduced cells underwent selection with 2 μg/mL puromycin 48 h post-infection. Individual clones 

were isolated using flow cytometry, and the KO of Lamin A/C was verified through Western blotting.

PCNA-HaloTag cell line: To study PCNA dynamics, a stable HeLa cell line expressing PCNA-HaloTag was constructed. The sgRNA 

sequence, GACCAGGCGCGCCTCGAACA, was used to introduce a HaloTag at the PCNA locus via homology-directed repair. HeLa 

cells were co-transfected with Cas9-sgRNA plasmids (adapted from Addgene-42230) and a donor plasmid containing the HaloTag- 

PCNA homology arms (adapted from Addgene-170818). Following transfection, cells were labeled with JF594 HaloTag ligand and 

sorted using flow cytometry. Successful integration was confirmed by PCR and immunoblotting.

sfGFP Cell line for chromatin loci tracking: The construction was performed using plasmids and protocols identical to those 

described in our lab’s previous work.97 Briefly, WT and Lamin A/C KO HeLa cells were seeded into 6-well plates at approximately 

50% confluency one day prior to transfection. Each well was transfected with pB-TRE3G-NLSSV40-dCas9-3X NLSSV40-24X 

GCN4-V4-NLSSV40-P2A-BFP-PuroR-P2A-rtTA plasmid, pB-TRE3G-ScFV-sfGFP-GB1-NLSSV40-HygroR-P2A-rtTA plasmid, and 

pCAG-hyPBase plasmid. After 48 h, dual antibiotic selection with 200 μg/mL hygromycin and 5 μg/mL puromycin was applied for 

two weeks. Single-cell clones expressing BFP and GFP were sorted by flow cytometry and expanded for subsequent chromatin dy

namic tracking experiments.

Single-molecule tracking (SMT) and data analysis of PCNA

To enable PCNA single-molecule tracking, target proteins were expressed as HaloTag fusion proteins in stable cell lines generated as 

described earlier. HeLa cells were synchronized at the G1/S transition and labeled with the fluorescent dye JF549 (10 μM, diluted 

1:1000 in DMEM containing aphidicolin at 2 μg/mL, Sigma-Aldrich, A0781). The cells were incubated at 37◦C for 20 min to allow 

the dye to bind to the HaloTag fusion proteins. After labeling, the unbound dye was removed by washing the cells three times 

with PBS containing aphidicolin. The cells were then transferred to phenol red-free DMEM (also containing aphidicolin) for imaging. 

The presence of aphidicolin ensured that cells remained in the G1/S transition during the labeling and imaging processes. Single- 

molecule tracking was performed similarly to the previously described method,98 using a Nikon N-STORM microscope equipped 

with a 561 nm laser (2RU-VFL-P-300-488-B1R; MPB) and total internal reflection fluorescence (TIRF) capability. The microscope 

was adjusted to high-inclined laminated optical sheet (HILO) illumination to reduce nuclear background and enhance signal quality. 

Initial widefield fluorescence imaging was conducted to locate cells in the appropriate phase. After selecting appropriate cells, 100 

frames of widefield images were captured with a split laser intensity set as 1%. For single-molecule tracking, the split laser intensity 

was increased to 100% (laser power ∼35 mW), with an exposure time of 20 ms. Rapid photobleaching was performed for approx

imately 30 s to reduce background signals and sparsely label individual molecules suitable for tracking. Once the background was 

sufficiently reduced and the single-molecule signal was sparse, 10,000–20,000 frames of single-molecule images were captured.

The acquired single-molecule trajectories were analyzed using Fiji85 with the TrackMate86 plugin. Single molecules were automat

ically detected and tracked using the Laplacian of Gaussian (LoG) detector. Parameters were adjusted to accurately detect 

molecules while excluding noise. TrackMate was used to process the image sequences and output single-molecule trajectories. 

The resulting trajectory data were exported to custom MATLAB scripts for further analysis. Each individual MSD curve was fitted 

by least-squares regression to the following model.

MSD = 4Dtα 

Diffusion coefficients (D) and anomalous diffusion exponents (α) were calculated to quantify the molecules’ movement. The diffu

sion coefficient was estimated by measuring the mean squared displacement (MSD) of molecules over time, representing their 

mobility. The anomalous diffusion exponent was used to assess deviations from Brownian motion.

Chromatin loci dynamic tracking

Chromatin loci dynamic tracking was adapted from previously described methods.97 WT and Lamin A/C KO HeLa cells were trans

fected with sgRNA expression plasmids described above targeting the same genomic loci as in previous work.97 After 24–48 h of 

culture, cells were prepared for imaging.

Dynamic tracking experiments were conducted on a Nikon N-STORM microscope with a 488 nm laser (2RU-VFL-P-300-488-B1R; 

MPB) to excite the sfGFP fluorophore. For chromatin loci dynamic tracking, the laser power was set to 10 μW, and images were ac

quired with 100 ms exposure time. Cells were maintained at 37◦C and 5% CO2 in a stage-top incubation chamber to ensure viability 

during live-cell imaging. The further analysis was consistent with PCNA single molecular tracking.

Confocal and STED microscopy imaging and data analysis

Confocal and STED imaging were performed using the Stedycon system (Abberior) equipped with a 100× oil-immersion objective 

(UPlanSApo 100×, 1.40 NA, Olympus) for high-resolution imaging. HeLa cells were seeded onto glass-bottom dishes and synchro

nized as described in the article. Immunofluorescence staining was performed, with or without prior EdU labeling, depending on 

the description in the Main. EdU labeling, where applicable, was achieved via click chemistry using the SIR dye. Specifically, 

STAR Orange (Abberior) and STAR Red (Abberior) dyes were used for STED immunofluorescence staining, corresponding to the 

green and magenta markers in the figure, respectively. Prior to imaging, samples were washed three times with ultrapure water 

Cell Reports 45, 117075, March 24, 2026 23 

Article
ll

OPEN ACCESS



and air-dried overnight, followed by mounting with an appropriate mounting medium. The mounted samples were stored at − 20◦C 

until imaging.

During imaging, the samples were positioned on the stage, and the focus and target cells were carefully adjusted to ensure optimal 

clarity in all channels. For STED, a 775 nm depletion laser was used in combination with either a 647 nm or 561 nm excitation laser, 

depending on the fluorophore, to capture confocal images. Key imaging parameters were optimized, and the system’s software was 

adjusted to achieve the best resolution and signal-to-noise ratio. The specific imaging parameters used in this experiment are 

detailed as follows: Replication sites (EdU, 10 min) and RDs (BrdU, 45 min) were visualized in the 647 nm channel with an STED laser 

intensity of 30% and a scan number of 5. Lamin A/C was also imaged in the 647 nm channel with an STED laser intensity of 40% and a 

scan number of 5. PCNA, CTCF, and pH2AX were imaged in the 561 nm channel with STED laser intensities of 60%, 60%, and 70%, 

respectively, and each with a scan number of 5. STED imaging was carried out with appropriate adjustments to the excitation and 

depletion laser intensities to minimize photobleaching while maintaining high-resolution signal capture.

STED images were deconvolved using Huygens Professional software (Scientific Volume Imaging, https://svi.nl/Huygens- 

Professional). System-adaptive parameters provided by the software were used to ensure accurate deconvolution while preserving 

the authenticity of the raw data. Deconvolved images were converted into TIFF format. The TIFF images (including confocal and 

STED) were analyzed using custom-developed code to identify and quantify specific biological structures. The analysis pipeline first 

involved the identification of nuclei using morphological algorithms that delineate the core regions of cells. Adaptive thresholding was 

then applied to segment protein clusters and replication signals. Several key parameters were computed to assess the features and 

spatial distribution of protein clusters within the cells: mean fluorescence intensity, cluster count, size, area, NND, and barycenter 

distance. The barycenter distance was defined as the spatial barycenter distance between the early replication sites and the RD, 

normalized by the RD’s radius. To ensure accurate assignment, an early replication site was analyzed only if its spatial barycenter 

distance to the nearest RD was shorter than half of the RD’s major axis length.

Expansion Microscopy (ExM) imaging and data analysis

HeLa cells were seeded onto coverslips and synchronized, followed by 45-min EdU incorporation, click chemistry with dye SIR, and 

immunofluorescence for PCNA with dye AF594, as previously described. The ExM protocol was then adapted from the methods out

lined by Shi et al.35

Following the sample preparation, cells were post-fixed in a solution containing 3% PFA and 0.1% glutaraldehyde (GA) in PBS for 

15 min at room temperature with gentle shaking. This fixation buffer was freshly prepared by dissolving 4 g of PFA in 50 mL of water, 

heated to 60◦C to assist dissolution, and adjusted to a pH of 7.0–7.4.

The cells were washed three times in PBS (5 min per wash), followed by a second fixation step using 0.7% PFA and 1% acrylamide 

(AaM) in 1× PBS at 37◦C for 1–6 h. This step ensured the direct anchoring of proteins and DNA into the first layer of hydrogel. Cells 

were then incubated in a pre-gel solution composed of 19% sodium acrylate (SA), 10% acrylamide (AAm), 0.1% 

N,N′-methylenebisacrylamide (DHEBA), 0.25% TEMED, and 0.25% ammonium persulfate (APS). Cells were embedded by covering 

them with the gel mixture, allowing polymerization at room temperature for 15 min, followed by 1.5 h in a humidified 37◦C incubator.

The hydrogel was denatured in a solution containing 200 mM SDS, 100 mM NaCl, and 50 mM Tris (pH 6.8) for 15 min at room tem

perature, followed by incubation at 73◦C for 1 h. After denaturation, the hydrogel was transferred to a dish containing deionized water 

for the expansion phase. Water was replaced twice, with 1-h intervals, and then the gel was allowed to expand overnight at room 

temperature. The final hydrogel diameter reached approximately 4 cm, ensuring optimal sample expansion.

The following imaging acquisitions were performed using the Dragonfly confocal imaging system. Gel samples were imaged with a 

60× oil-immersion objective (1.6 NA). Multi-channel images were acquired sequentially. The resulting TIFF images were analyzed 

using custom-developed code, previously applied to STED imaging, to identify and quantify the distribution of PCNA and RD.

STORM imaging and data analysis

The STORM imaging and analysis were adapted from our previous work.33 HeLa cells were seeded onto glass-bottom dishes and 

synchronized as previously described, followed by click chemistry for EdU with dye AF647, and immunofluorescence for BrdU with 

dye Cy3B.

STORM imaging was conducted using a custom-built inverted microscope (IX83, Olympus) configured for widefield excitation. The 

system was equipped with a 100×, 1.49 NA oil-immersion objective lens (U APO N, Olympus). A multiband dichroic mirror (Chroma) 

was used to reflect the excitation lasers while allowing the transmission of emitted fluorescence. Additional emission filters (Chroma) 

were applied to isolate fluorescence signals from individual channels. Images were acquired on an EMCCD camera (Ixon Ultra 

EMCCD, Andor) with a resolution of 512*512 pixels (115 nm per pixel). A near-infrared laser was utilized to maintain precise focus 

during acquisition.

TetraSpeck Microspheres (0.1 μm in diameter, Thermo, T7279) were incubated with the sample at a 1:50000 ratio for 1 h, followed 

by three washes with PBS to remove non-adherent beads. Imaging was performed in a buffer composed of 10% (w/v) glucose, 

20 mM NaCl, 100 mM Tris-HCl, 600 μg/mL glucose oxidase, 60 μg/mL catalase, and 1% (v/v) β-mercaptoethanol. Fluorophores 

were activated with a 405-nm laser (OBIS, Coherent) and excited using 561-nm and 647-nm lasers (MBP Communications), depend

ing on the channel. The laser power densities at the sample plane were 1 kW/cm2 for the 647 nm laser and 2 kW/cm2 for the 561 nm 

laser.
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STORM imaging data were acquired with a 30-ms exposure time per frame, generating a total of 60,000 frames for each channel 

(561 nm and 647 nm). After imaging, the STORM buffer was removed by washing the samples three times with PBS, and the samples 

were stored in PBS at 4◦C shortly.

For the analysis of single-molecule localizations, the target cells and TetraSpeck Microspheres were first manually selected from 

the acquired images. Channel correction and drift correction were carried out using ThunderSTORM87 by aligning the positions of the 

microspheres. Following drift correction, single-molecule reconstructions and channel filtering were performed independently for the 

647 nm and 561 nm channels using ThunderSTORM.

For spatial clustering, SR-Tesseler88 was employed for threshold-based segmentation of the processed images. A Voronoi dia

gram was constructed for each channel, with the 561 nm channel used to define RDs and the 647 nm channel for early replication 

sites. Clustering was performed by applying appropriate density factors, with a density factor of 0.5 for defining RDs in the 561 nm 

channel, and a density factor of 5 for identifying replication sites in the 647 nm channel. The identified clusters were analyzed by 

calculating key spatial features, including the number of clusters and the diameter of each cluster.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using GraphPad Prism software (version 9). Unless otherwise specified, an unpaired two-sam

ple parametric t test was utilized to assess significance levels, denoted as: ****p < 0.0001, ***p < 0.0005, **p < 0.01, *p < 0.05; ns, not 

significant. In scatterplots, horizontal lines represent mean values, with error bars indicating ±standard deviation (s.d.). For violin or 

boxplots, the central line represents the median, while the upper and lower bounds of the box indicate the 25th and 75th percentiles, 

respectively. Whiskers extend to data points within 1.5× the interquartile range of the box limits.
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