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ZC3H4 safeguards genome integrity by preventing
transcription-replication conflicts at noncoding

RNA loci
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The cellular networks that maintain genome stability encompass numerous pathways involved in all aspects of
nucleic acid metabolism. Through bioinformatic analysis, we identified the Zinc Finger CCCH-Type Containing 4
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protein (ZC3H4), a suppressor of noncoding RNA (ncRNA) production, as a pivotal player in this system. Experi-
mentally, ZC3H4 deficiency led to increased DNA damage, abnormal mitosis, and cellular senescence. Biochemical
analysis and super-resolution microscopy revealed that the loss of ZC3H4 increased replication stress (RS)—a major
driver of genomeinstability—by inducing a hypertranscription state that promoted R loop formation and transcription-
replication conflicts (TRCs), both of which drive RS. Further bioinformatic analysis demonstrated that ZC3H4 prefer-
entially binds to genomic regions prone to TRCs and R loops, where it suppresses ncRNA bursts, functioning as
part of the Restrictor complex. Our findings identify ZC3H4 as a crucial factor in maintaining genome integrity,
strategically positioned at the critical intersection of DNA and RNA synthesis.

INTRODUCTION

Maintaining genome integrity is essential for cellular homeostasis
and the prevention of unscheduled cell death or neoplastic transfor-
mation. A substantial threat to genome stability is ongoing DNA
damage, which is continually managed by the DNA damage response
(DDR) signaling network (I, 2). The loss or diminished efficiency of
DDR pathways is a common cause of genome instability, with severe
impacts on an organism’s health and the rate of aging (3, 4). Another
critical source of genome instability is replication stress (RS), trig-
gered by disruptions in DNA replication. RS can be caused by DNA
lesions that stall replication fork progression, imbalances in nucleotide
pools, genomic sequences that challenge the replication machinery,
secondary DNA structures, oncogene-induced hyperproliferation,
and transcription-replication conflicts (TRCs) (5). Prolonged RS can
have profound consequences, including erroneous replication caus-
ing DNA sequence alterations, replication fork collapse leading to
DNA double-strand breaks (DSBs), chromosomal aberrations, aneu-
ploidies, and defective mitosis, ultimately leading to cellular neopla-
sia, senescence, or programmed cell death (5, 6). Cells avoid or manage
RS by activating damage tolerance pathways, mechanisms that stabi-
lize the replication fork or facilitate fork reversal, and specific DDR
branches, such as the elaborate DSB response (5, 7, 8).

TRC:s are a significant source of RS (9, 10). These conflicts arise
during the S phase when the transcription and replication machin-
ery collide, potentially leading to replication fork stalling. Fork ob-
struction can be caused by RNA polymerase itself or by R loops that
occasionally form at transcription sites (9-13). These collisions are
more likely to occur in highly transcribed regions and can be further
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aggravated by aberrant firing of replication origins (9, 14, 15) and
pervasive transcription (16-18). The latter primarily generates a di-
verse array of noncoding RNAs (ncRNAs) (19-21). Consequently,
mitigating pervasive transcription may help reduce TRCs, thereby
decreasing RS and genome instability.

Several protein complexes are involved in the selective termina-
tion of pervasive transcription, including the Integrator complex,
which also has broader roles in transcriptional regulation (22-24).
Recently, another protein complex, known as Restrictor, has been
identified as playing a crucial role in this process by negatively af-
fecting the synthesis of a wide array of ncRNAs, including enhancer
RNAs and promoter upstream transcripts (PROMPTs) (25-30). A
key component of this complex is the zinc-finger protein ZC3H4,
which interacts dynamically with various proteins such as the WD
Repeat Domain 82 protein (WDR82), the Arsenate Resistance Pro-
tein (ARS2), Casein kinase 2 (CK2), and the Zinc Finger CCHC-
Type Containing 8 protein (ZCCHC8)—a component of the nuclear
exosome targeting (NEXT) complex (25, 26, 28, 31-34). Restrictor
acts synergistically with the protein phosphatase 1 regulatory sub-
unit (PNUTS), Symplekin [part of the Cleavage and polyadenyl-
ation specificity factor (CPSF) complex], and the PAF complex, all
of which are involved in transcription termination and RNA cleavage
(27-29). Notably, ZC3H4 is consistently found in protein assemblies
of varying compositions that counteract the pervasive transcription
of ncRNAs (25, 26, 28-34), underscoring its pivotal role in this pro-
cess, likely in conjunction with its closest interactor, WDR82 (29).
ZC3H4 is essential for embryo development (35) and is conserved
across metazoans (25), highlighting its crucial function.

Here, we demonstrate that ZC3H4, as a negative regulator of per-
vasive ncRNA transcription, plays a crucial role in maintaining ge-
nome stability by preventing TRCs at ncRNA sites. As a result, the
loss of ZC3H4 induces RS and its associated cellular consequences:
perturbed cellular growth, genome instability, severe mitotic de-
fects, and premature senescence. Our findings position ZC3H4 as a
previously unidentified and essential factor in the expanding net-
work of mechanisms that safeguard genome stability, acting at the
critical intersection between DNA replication and transcription.
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RESULTS

Meta-analysis reveals ZC3H4 as a potential novel player in
genome stability and cellular senescence

To identify potential novel DDR players, we recently performed a
meta-analysis of 34 published screens that used functional, proteomic,
or phosphoproteomic approaches to identifying these factors (36).
This integrated database has previously been used to uncover unrec-
ognized DDR components (36-38). Protein-coding genes were as-
signed a score reflecting the number of independent screens in which
they were identified as hits (Fig. 1A). Most genes (94%) received a
score below 5, while 5% scored between 6 and 10. Only the top 1%
of genes had a score ranging from 10 to 15. To define our selection
threshold, we analyzed the mutation rates of these genes in cancer
using the Cancer Cell Line Encyclopedia (CCLE) Broad 2019 data-
base (39). Ranking genes by their meta-analysis score (fig. S1A) re-
vealed a positive correlation with their mutation frequency, with a
marked increase in mutation rate for genes scoring above 10. Notably,
these genes with a score of 10 or above included several well-established
DDR factors (Fig. 1A). This reinforces the relevance of these high-
scoring genes, suggesting that they may contribute to genome instabil-
ity in cancer. Therefore, genes with a score of >10 were selected to be
further investigated as potential previously unidentified DDR factors.

We used a similar approach using 22 RNA sequencing (RNA-
seq) datasets representing the transcriptomic analysis of senescent
cells (40). Briefly, we preprocessed the raw data from these studies
and assessed differential gene expression between proliferative and
senescent cells. Each gene in the compiled database was assigned a
score based on the number of studies in which its expression was
significantly deregulated in senescent cells (table S1). The distribu-
tion of these scores highlighted genes consistently up- or down-
regulated during senescence, including known senescence markers
(Fig. 1B, top). Notably, many genes that were down-regulated in
senescent cells were also found to be down-regulated in human
primary fibroblast lines derived from aging individuals (40) (RNA-
seq dataset GSE113957). We observed that most of the top genes
identified in our DDR meta-analysis were also down-regulated dur-
ing senescence (Fig. 1B, bottom). This result aligns with our recent
observation that DNA repair pathways are generally down-regulated
during senescence (40). Consequently, this finding prompted us to
focus on genes that are down-regulated during senescence, as po-
tential candidates encoding DDR components. An empirical thresh-
old was set at the top 3% of the most down-regulated genes.

The Venn diagram in Fig. 1C illustrates the overlaps among the
top 1% of genes identified in the DDR meta-analysis (Fig. 1A) and
the top 3% of genes down-regulated during senescence (Fig. 1B, top).
To further refine our list and explore potential drivers of aging, we
intersected these datasets with genes down-regulated in aging hu-
man fibroblasts (table S1, RNA-seq dataset GSE113957). Seven genes
were common to all three groups (Fig. 1C). Within this intriguing
small group, largely composed of genes known for their roles in the
DDR and senescence, ZC3H4 emerged as particularly notable. A
closer examination of its expression dynamics in senescing cells re-
vealed a significant decrease at the onset of overt senescence (Fig. 1D).
At the time, ZC3H4 was recognized as a zinc-finger protein involved
in repressing the expression of certain ncRNAs (25, 26). To further
explore its potential role in maintaining genome stability, we used
the AnalyzeR tool (41) to identify genes coexpressed with ZC3H4
(table S2). Protein-coding genes were ranked on the basis of their
coexpression with ZC3H4, and gene set enrichment analysis (GSEA)
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was performed to identify the biological processes associated with
these genes (Fig. 1E and table S2). This analysis highlighted path-
ways correlated with ZC3H4 expression, which were regrouped and
labeled using the Cytoscape AutoAnnotate app (42). Notably, these
processes included “cell cycle checkpoint,” “hallmark G,-M check-
point,” “reactome regulation of p53,” and “hallmark DNA repair,” as
visualized using the Enrichment Map network-based method (43)
(Fig. 1F). These findings further suggest a potential role for ZC3H4
in cell cycle regulation and the maintenance of genome stability.
This is further supported by previous observations of pronounced
genome instability in early-stage Zc3h4~'~ mouse embryos, which
failed to develop further, leading to embryonic lethality of this geno-
type (35). Additional support comes from the frequent occurrence
of ZC3H4 mutations observed in the CCLE (44) (fig. S1B), as re-
ported on the cBioPortal platform (45).

ZC3H4 loss impairs cellular proliferation and triggers
senescence hallmarks

Building on the bioinformatic findings, we experimentally charac-
terized the cellular phenotype of ZC3H4-deficient cells. We used
CRISPR-Cas9 technology to ablate the ZC3H4 gene in two human
immortalized cell lines (the breast cancer cell line, CAL-51, and hu-
man embryonic kidney cell line, HEK-293) and in a human primary
fibroblast line (fig. S2A). ZC3H4-deficient cells exhibited reduced
proliferation rates, as measured by the water-soluble tetrazolium dye
(WST-8) metabolic assay (Fig. 2A) (46), reduced rate of incorporation
of 5-ethynyl-2’-deoxyuridine (EdU) into cellular DNA (Fig. 2B),
and decreased colony formation ability (Fig. 2C). Cell lines lacking
ZC3H4 also exhibited typical senescence markers: elevated senescence-
associated f-galactosidase (SA-B-Gal) activity (Fig. 2D), decreased lev-
els of Lamin B1 protein, and elevated levels of the p21“P"/ Wal protein
and phosphorylated histone H2AX (yH2AX) (Fig. 2E and fig. S2A).
The levels of ZC3H4 in primary human fibroblasts that underwent
replicative senescence or ionizing radiation (IR)-induced senescence
were reduced compared to those in a proliferative state (Fig. 2F),
which is consistent with the results from the transcriptomic meta-
analysis (Fig. 1D). The depleted cells also displayed another hallmark
of cellular senescence—a high level of basal, ongoing DNA damage
evidenced by elevated numbers of nuclear foci of the p53-binding
protein 1 (53BP1) protein (Fig. 2G) and phosphorylated form of
H2A histone family member X (yH2AX) (Fig. 2H). This phenome-
non was observed in both proliferating and senescing ZC3H4-deficient
cells (Fig. 2, G and H), suggesting that genome instability character-
ized these cells before overt senescence appeared. Recently, we ob-
served a broad reduction in DNA repair capacity in senescent cells,
spanning most of the major DNA repair pathways (40). According-
ly, DSB repair was retarded in ZC3H4-depleted cells as evidenced by
the lagging disappearance of 53BP1 nuclear foci after treatment with
a moderate dose of IR (Fig. 2I).

Overall, ZC3H4 depletion significantly impaired cell proliferation
across several cell lines, primarily by inducing senescence. While se-
nescence itself can contribute to genome instability, as previously re-
ported (40), our findings suggest that ZC3H4 loss first triggers cellular
stress leading to senescence, likely as a consequence of underlying
genome instability.

ZC3H4 loss disrupts cell cycle progression by triggering RS
A general inspection of the ZC3H4-deficient cell cultures revealed
large, polynucleated cells, which were significantly more frequent
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Fig. 1. Bioinformatic analysis identifies ZC3H4 as a potential previously unknown player in DNA repair and cell senescence. (A) Score distribution of genes identi-
fied in a meta-analysis of 40 screens for DDR factors. Each screen hit adds one point to the gene’s score. (B) Score distribution of genes from a meta-analysis of 22 RNA-seq
datasets obtained from senescent cells. Up-regulation during senescence in a screen adds +1 to the gene’s score, while down-regulation adds —1. The top panel shows
the distribution of all protein coding genes, and the bottom panel shows the distribution within the top 1% genes from the DDR meta-analysis (A). Most of these genes
were down-regulated during senescence. (C) Venn diagram showing genes with the DDR score of >10, a senescence score of <—15, and genes significantly down-
regulated in cell lines from elderly subjects (GSE113957 dataset). Down-regulated genes in aging were identified by comparing samples from individuals aged 90 to 96 to
those aged 0 to 10, using a threshold of adjusted (Adj) P < 0.01 and log; fold change < —0.58. Seven genes, including ZC3H4, are at the intersection of these groups.
(D) Expression levels of ZC3H4 across cell passages (GSE175533 dataset). (E) Gene set enrichment analysis (GSEA) plot for pathways significantly coexpressed with ZC3H4.
NES, normalized enrichment score. The DNA repair, Cell Cycle Checkpoint and Regulation of the Tumor Protein P53 (Tp53) pathways were significantly enriched. (F) Net-
work of GSEA pathways enriched for genes coexpressed with ZC3H4. A brown dot represents an enriched pathway (adjusted P < 0.001), and lines indicate group similari-
ties based on shared genes. Highly similar pathways are grouped in light-beige circles (generated using Cytoscape and Enrichment Map) and labeled according to
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Fig. 2. ZC3H4 depletion induces senescence and genome instability hallmarks. (A) The WST-8 cellular viability assay reveals decreased proliferation rate in two single-
cell clones of ZC3H4-depleted CAL-51 cells (left) and in a bulk population of ZC3H4-depleted human primary skin fibroblasts (right) when compared to control. (B) EdU
incorporation assay shows reduced proliferation rates in ZC3H4-depleted CAL-51 cells. Cells irradiated (IR) with 10 Gy of x-rays and incubated for 10 days serve as a senes-
cence positive control. UT, untreated. (C) ZC3H4 depletion significantly reduces the colony formation capability of CAL-51 cells. (D) ZC3H4-depleted cancerous and pri-
mary fibroblast lines exhibit a substantial increase in SA-p-Gal staining. (E) Western blotting analysis of senescence markers demonstrates robust induction of senescence
in ZC3H4-deficient CAL-51 clones. (F) Western blotting analysis shows reduced ZC3H4 levels in senescent primary fibroblasts compared to proliferating ones. Senescence
was either replicative or induced by IR. (G) Amounts of nuclear 53BP1 foci in ZC3H4-proficient and -deficient human primary fibroblasts at passage levels 14 and 34 sug-
gest increased basal levels of DSBs in the absence of ZC3H4. (H) Amounts of nuclear yH2AX foci in ZC3H4-proficient and -deficient human primary fibroblasts at passage
levels 14 and 34 suggest increased basal levels of DSBs in the absence of ZC3H4. (I) Quantification of 53BP1 foci in CAL-51 cells reveals elevated basal levels and delayed
resolution of these foci in ZC3H4-knockout (KO) cells following irradiation with 1 Gy of x-rays. NS, not significant; h, hour. “ns” = P > 0.05; *P < 0.05; *#P < 0.01; ***P <
0.001; ****P < 0.0001.
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compared to the corresponding wild-type (WT) cells (Fig. 3A). EAU
incorporation assays indicated that these polynucleated cells were not
proliferating, with a reduction of 9.24-fold in EdU incorporation rate
compared to depleted mononucleated cells (hypergeometric test,
P =5.10 x 107"") (Fig. 3B). Similarly, these cells showed a 2.08-fold
higher level of SA-p-Gal staining comzpared to mononucleated cells
(hypergeometric test, P = 1.84 X 107°°), pointing to a higher senes-
cence rate associated with polynucleation (Fig. 3C). Polynucleated

cells typically indicate mitotic failures. Another common abnormal-
ity in cell division among genomically unstable cells is the presence of
mitotic chromatin bridges, a hallmark of irregular chromosomal seg-
regation (47). We observed a clear increase in these bridges in ZC3H4-
depleted cells (Fig. 3D). To further investigate the role of ZC3H4 in
cell cycle dynamics, we monitored its levels throughout the cell cycle
phases following culture synchronization using a double thymidine
block. ZC3H4 levels were high during the S, G,, and M phases, with
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Fig. 3. ZC3H4 loss affects the cell cycle by inducing RS. (A) A marked increase in the frequency of multinucleated cells in ZC3H4-depleted CAL-51 cells compared to WT
cells. (B) EdU incorporation assay indicates that the multinucleated cells within the ZC3H4-deficient cell population are largely nonproliferative. Hypergeometric test:
Enrichment for EdU-positive cells in the multinucleated cell population (P = 5.10 x 107'°, enrichment factor = —9.24-fold). (C) SA-B-Gal staining shows that a high propor-
tion of the ZC3H4™/~ multinucleated cells are senescent. Hypergeometric test: Enrichment for SA-p-Gal-positive cells in the multinucleated cell population (P = 1.84 x
10722, enrichment factor = 2.08-fold). (D) The frequency of mitotic bridges is fivefold higher in ZC3H4-deficient cells compared to controls. Representative microscopies
display the DNA [4’,6-diamidino-2-phenylindole (DAPI)] in pink and tubulin in black. (E) Western blotting analysis of human primary fibroblasts synchronized through a
double thymidine block reveals a cell cycle-dependent dynamics of ZC3H4 level, which is highest in S-G,-M and gradually decrease during Gy. (F) DNA fiber assay shows
a 2.4-fold decrease in replication fork progression rate in ZC3H4-depleted cells compared to controls, indicating RS. 5-Chloro-2’-deoxyuridine (CldU) is displayed in pink
and 5-iodo-2'-deoxyuridine (IdV) is displayed in cyan. A.U., arbitrary units. (G) Fork asymmetry analysis shows decreased symmetry in ZC3H4-deficient cells, consistent
with replication fork stalling. In WT cells, left and right fork arms were highly correlated (R? = 0.99), indicating equal progression. In contrast, ZC3H4-depleted cells showed
a marked reduction in correlation (R> = 0.37), suggesting frequent fork blockage. (H) Cellular survival assay based on colony-forming ability demonstrates hypersensitiv-
ity of ZC3H4™/~ CAL-51 cells to hydroxyurea (HU)—an RS inducer. (I) Inmunofluorescence staining of phosphorylated RPA (pSer*3)—an RS marker—reveals elevated RS in
ZC3H4-deficient CAL-51 cells, compared to controls. HU was used as positive control for RS induction.”ns” = P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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a marked reduction during G; (Fig. 3E). Similar results were obtained
after culture synchronization using serum starvation (fig. S3A), sug-
gesting that the function of this transcription repressor is needed par-
ticularly during DNA replication and subsequent cell division. This
observation may explain the decreased levels of ZC3H4 observed dur-
ing senescence (Fig. 2F), as senescent cells experience prolonged cell
cycle arrest. To further elucidate the potential effect of ZC3H4 ab-
sence on cell cycle progression, we removed senescent cells from the
Z(C3H4-depleted population by applying a nocodazole pulse, followed
by mitotic shake-off to enrich for mitotic cells. We then assessed EAU
incorporation in this population, finding that it was significantly reduced
in ZC3H4-deficient cells compared to ZC3H4-proficient cells, indi-
cating a defect in cell cycle progression (fig. S3B). Together, these
results suggest that ZC3H4 is essential for the timely progression of
the cell cycle through the S, G, and M phases.

Despite ZC3H4’s role as a transcription regulator (29), our bioin-
formatic and experimental results suggested that its loss could lead
to RS. To explore this possibility, we used a DNA fiber assay, which
revealed a significant reduction in the rate of replication fork
progression—an RS hallmark—in ZC3H4-deficient cells compared
to the parental controls (Fig. 3F). To determine whether fork pro-
gression is impeded by obstacles in ZC3H4-depleted cells, we ana-
lyzed fork symmetry. In WT cells, replication forks were symmetrical,
with both arms exhibiting equal length (Fig. 3G, top). However, in
ZC3H4-depleted cells, the forks were asymmetrical, showing poor
correlation between arm lengths (Fig. 3G, bottom). These results
suggest that ZC3H4 loss introduces obstacles that hinder fork pro-
gression, leading to asymmetry at replication origins.

Further supporting the presence of RS in ZC3H4-depleted cells,
clonogenic survival assays indicated increased cellular sensitivity of
depleted cells to the RS-inducing agent hydroxyurea (HU) (Fig. 3H).
Consistent with this, immunostaining for phosphorylated Ser”® of
Replication Protein A2 (RPA2) subunit of the Replication Protein
Complex (RPA complex)—another RS marker—showed a sixfold in-
crease in the number of phosphorylated RPA2 (pRPA2) foci per cell
in ZC3H4-deficient cells compared to control cells (Fig. 3I). Notably,
ZC3H4 depletion resulted in a basal level of pRPA2 foci higher than
that in HU-treated W'T cells (Fig. 31). Furthermore, HU treatment in
ZC3H4-deficient cells caused notably higher numbers of pRPA2 foci
compared to WT cells (Fig. 3I), aligning with the enhanced HU sen-
sitivity observed in these cells (Fig. 3H). We concluded that ZC3H4
loss induced replication fork stalling, triggering a cascade of RS, fol-
lowed by slow cellular proliferation, mitotic defects, chromatin bridges,
polynucleation, and, ultimately, prolonged cell cycle arrest and cel-
lular senescence.

ZC3H4 loss triggers transcription-dependent RS

linked to TRCs

We investigated the mechanism underlying RS in the absence of
ZC3H4, focusing on its previously described role in ncRNA sup-
pression (25, 26, 28, 29, 32-35). Given this role, we hypothesized
that ZC3H4 loss induces a hypertranscription state, a known driver
of RS (48). To test this, we measured RNA synthesis rates in ZC3H4-
deficient and -proficient cells using the 5-ethynyl uridine (5-EU)
click reaction and epifluorescence microscopy to track the incorpo-
ration of 5-EU into nascent RNA. To confirm the signal specificity
of this signal for transcription, we treated cells with the transcriptional
elongation inhibitor, 5,6-dichloro-1--p-ribofuranosylbenzimidazole
(DRB). DRB eftectively reduced the 5-EU signal in both WT and
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ZC3H4-depleted cells compared to controls (Fig. 4A). We observed
a marked increase in RNA synthesis, in ZC3H4-deficient cells com-
pared to controls (Fig. 4A). To assess whether ectopic expression of
WT ZC3H4 could rescue this phenotype, we overexpressed ZC3H4
in both WT and knockout (KO) cells. This significantly reduced RNA
synthesis in both genotypes (Fig. 4A). For further quantification, we
used multicolor super-resolution localization microscopy [stochastic
optical reconstruction microscopy (STORM)] combined with auto-
mated data analysis (15, 49). STORM enabled single-molecule detec-
tion of 5-EU-labeled nascent RNA, revealing a significant increase in
RNA synthesis in the absence of ZC3H4 (Fig. 4B). Notably, this ap-
proach allowed us to detect extensive RNA synthesis beyond the
nucleoli (Fig. 4B), a phenomenon often obscured in epifluorescence
microscopy due to strong nucleolar signals. Consistently, STORM-
based quantification of active RNA polymerase IT (RNAP II), marked
by Ser” phosphorylation, showed elevated transcriptional activity in
ZC3H4-deficient cells compared to WT cells (fig. S4A).

Since ZC3H4 levels increase during S phase (Fig. 3E), we investi-
gated whether the hypertranscription induced by its depletion oc-
curs predominantly during this cell cycle phase. To assess this, we
pulse-labeled the cells with 5-EU and costained for cyclin A, a mark-
er of the S-G; phases, allowing us to analyze transcriptional activity
in relation to cyclin A levels (fig. S4B). ZC3H4-deficient cells exhib-
ited increased 5-EU incorporation across all cell cycle phases com-
pared to WT cells, suggesting that ZC3H4 acts as a transcriptional
repressor throughout the cell cycle. Nevertheless, its loss may exert
more pronounced effects during DNA replication.

To establish a causal link between hypertranscription and RS in the
absence of ZC3H4, we treated cells with the transcription inhibitor
DRB and assessed replication dynamics using a DNA fiber assay
(Fig. 4C). Notably, DRB treatment significantly restored the slowed
replication fork progression in ZC3H4-null cells, indicating that hy-
pertranscription contributes directly to RS in these cells. Consistent
with previous reports (50), DRB treatment in WT cells led to a reduction
in fork progression (Fig. 4C). In ZC3H4-depleted cells, DRB likely
mitigates excessive transcription, allowing stalled replication forks to
resume progression. Conversely, in WT cells, where transcription is
already balanced, DRB may suppress essential transcription, thereby
disrupting normal replication dynamics and other cellular processes.

Further supporting the role of transcription in RS induced by
ZC3H4 loss, DRB treatment also rescued the fork asymmetry ob-
served in ZC3H4-depleted cells (fig. S4C). This suggests that excessive
transcription in the absence of ZC3H4 obstructs fork progression,
reinforcing the direct involvement of ZC3H4 in preventing RS.

TRCs are exacerbated under hypertranscriptional conditions
(5,9, 48). To quantify TRCs in ZC3H4-proficient and -deficient cells,
we used the proximity ligation assay (PLA) (51), using proliferating
cell nuclear antigen (PCNA) as a replication marker and phosphor-
ylated RNA polymerase IT (RNAPOL2)-Ser” as an indicator of ac-
tive transcription (15). PLA analysis revealed a significantly elevated
PCNA-RNAPOL2-Ser” signal in ZC3H4-KO cells compared to WT
cells (Fig. 4D), suggesting an increased frequency of TRCs. DRB treat-
ment reduced the PLA signal, indicating a corresponding decrease
in TRC events. To further validate this finding, we used STORM micro-
scopy coupled with automated data analysis (15, 49), enabling single-
molecule visualization of replication-transcription associations
(49, 52-55). CAL-51 cells of both ZC3H4 genotypes were pulsed with
5-EU to label nascent RNA and immunostained for the PCNA het-
erotrimer, a replication fork marker. Quantification of 5-EU-PCNA
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associations showed a marked increase in ZC3H4-deficient cells
compared to WT cells (Fig. 4E), consistent with elevated TRC for-
mation in the absence of ZC3H4. This trend was confirmed across
two independent ZC3H4-null cell clones (fig. S4D). DRB treatment
had no significant effect on TRC frequency in WT cells, likely due to
their inherently low baseline levels in these cells. To further cor-
roborate TRC elevation in ZC3H4-deficient cells, we pulsed the cells
with EAU to label nascent DNA, followed by counterstaining for
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active RNAPOL2I and STORM imaging (fig. S4E). Together, these
findings demonstrate that ZC3H4-deficient cells exhibit a markedly
increased occurrence of TRCs—a major cause of RS.

ZC3H4 genomic associations support its role in

preventing TRCs

We investigated whether the genomic distribution of ZC3H4 sup-
ports its emerging role in preventing unwanted encounters between
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the replication and transcription machinery. Using a computational
approach, we analyzed a high-quality chromatin immunoprecipita-
tion (ChIP) dataset for ZC3H4, generated by Estell et al. (28) in
K562 cells (raw data obtained from accession ID GSE207416). The
data were preprocessed and aligned here to the human genome as-
sembly GRCh37 (hgl9) to match Okazaki fragment sequencing
(Ok-seq) data (56).

First, we examined ZC3H4 enrichment at the 6982 origins of
replication (ORCs) identified in K562 cells (56). Compared to ran-
domly shuffled control sites, ZC3H4 ChIP sequencing (ChIP-seq)
signals were significantly enriched at ORCs (Fig. 4F). Next, we inte-
grated ZC3H4 genomic localizations with an Ok-seq dataset from
the same cell line (56). The Ok-seq method quantitatively maps rep-
lication initiation and termination events (57). To assess ZC3H4
distribution relative to replication fork progression, we analyzed the
replication fork direction (RFD) parameter (56). The genome was
divided into 10-kb bins (~320,000 intervals), and RFD values were
computed for each interval, with lower values indicating proximity
to replication initiation sites and higher values reflecting proximity
to termination sites. Ranking intervals by absolute RFD and group-
ing them into quartiles revealed a strong correlation between ZC3H4
occupancy and replication initiation zones, with the highest ZC3H4
signal detected in the quartile closest to ORC:s (fig. S4F). These com-
plementary analyses indicate that ZC3H4 preferentially binds genom-
ic regions near ORCs, supporting its role in coordinating replication
and transcription dynamics.

Given the above conclusions and ZC3H4’s established role as a
repressor of ncRNA synthesis (25, 26, 28, 32-35), we investigated
whether its depletion leads to ncRNA accumulation near ORCs, poten-
tially contributing to TRCs at these critical sites. We computationally
analyzed RNA synthesis levels around ORCs in ZC3H4-depleted cells
using RNA-seq and Polymerase Intact Nascent Transcript RNA-seq
(POINT-seq) datasets generated by Estell et al. (28) following degron-
based depletion of ZC3H4. Raw RNA-seq data were preprocessed,
and expression levels were specifically evaluated across the 6982 pre-
viously identified ORCs (56). We performed a differential expression
analysis at ORC sites in ZC3H4-deficient cells, revealing a wide-
spread increase in RNA synthesis at these regions. Notably, a sig-
nificantly larger number of ORC sites exhibited elevated RNA levels
upon ZC3H4 depletion in both POINT-seq (n = 346) and RNA-seq
(n = 750) datasets (Fig. 4G and fig. S4G), whereas only a small sub-
set showed reduced RNA production (POINT-seq, n = 142; RNA-
seq, n = 276). These results indicate that, in most cases, ZC3H4 loss
leads to increased RNA synthesis at ORC sites. Collectively, these
findings suggest that ZC3H4 depletion promotes ncRNA accumula-
tion at ORC regions, potentially contributing to TRC formation at
these critical sites.

ZC3H4 loss-induced hypertranscription triggers R

loop accumulation

Hypertranscription is expected to increase RNA-DNA hybrids (R
loops) formation, which can act as physical barriers to replication
forks and induce RS (48). Notably, the gene encoding ribonuclease
H1 (RNase H1), which resolves R loops, exhibited strong coexpres-
sion with ZC3H4 (fig. S5A), and ZC3H4 has been identified as an R
loop interactor in a large-scale screen (58). To assess the contribu-
tion of R loops to RS in ZC3H4-deficient cells, we quantified R loops
levels in WT and ZC3H4 ™'~ cells using $9.6 immunostaining. We
validated the specificity of the $9.6 antibody under our experimental
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conditions by overexpressing RNase H1 in WT cells (Fig. 5A).
RNase H1 treatment markedly reduced the S9/6 signal, confirming
R loops as its source. ZC3H4 depletion significantly increased R loop
signals, while ectopic expression of ZC3H4 in ZC3H4™'~ cells res-
cued the signal increase, reinforcing ZC3H4’s role in preventing R
loop accumulation (Fig. 5A). ZC3H4 overexpression strongly re-
duced R loops, raising the question of whether ZC3H4 directly de-
grades R loops or most likely primarily inhibits transcription (Fig. 4,
A and B), thereby preventing R loop formation as a by-product.
STORM imaging following nuclear staining with §9.6 confirmed an
increase in R loops in ZC3H4-depleted cells (fig. S5B). The lack of
detectable $9.6 signal in WT cells under STORM microscopy may
result from experimental conditions, as permeabilization and strin-
gent washing before fixation likely removed free-floating RNA-DNA
hybrids and nonspecific RNA signals (59). This may also explain
why RNase H1 treatment had no visible effect under STORM, con-
trasting with classical microscopy results (Fig. 5A). To evaluate whether
R loops hinder replication fork progression, we used STORM imag-
ing to quantify S9.6 signal density at replicating sites, labeled via a
10-min EAU pulse. ZC3H4 loss led to a notable accumulation of R
loops localized at replication forks (Fig. 5B), demonstrating their di-
rect impact on replication.

Further supporting our findings, we analyzed the correlation be-
tween ZC3H4 occupancy and R loop abundance across the genome.
Using DNA-RNA immunoprecipitation sequencing (DRIPc-seq) data
from Bayona-Feliu et al. (60) in K562 cells (GSE154631), we quantified
Rlooplevelsand compared them to ZC3H4 ChIP-seq data (GSE207416)
(28). The human genome was divided into 10,000-nucleotide bins
(~320,000 intervals), and R loop abundance (DRIPc-seq signal intensi-
ty) was calculated for each interval. Ranking all intervals by DRIPc-seq
coverage and grouping them into quartiles revealed a strong correlation
between ZC3H4 binding and R loop abundance (Fig. 5C). These find-
ings suggest that ZC3H4 preferentially associates with genomic regions
prone to R loop formation.

To further investigate the impact of ZC3H4 depletion on the ex-
pression of R loop-forming transcripts, we analyzed the raw RNA-
seq and POINT-seq data from Estell et al. (28), focusing on gene
expression changes at R loop—prone sites in ZC3H4-depleted K562
cells. We reprocessed the raw FASTQ data, performed alignment to
the human genome (hg38), and quantified expression levels. Instead
of focusing on protein-coding genes and promoter regions, we spe-
cifically targeted R loop—prone regions, as identified in a recent meta-
analysis database (61). ZC3H4 depletion led to the up-regulation of
expression at these R loop sites in the RNA-seq dataset (Fig. 5, D and
E), which was further validated by the POINT-seq data (fig. S5C). Ec-
topic expression of ZC3H4 in ZC3H4-depleted cells successfully re-
stored the repression of R loop formation at these sites (Fig. 6E).

To extend this observation to other cell lines, we analyzed pub-
licly available transcriptomic data from ZC3H4-depleted cells
(25, 26, 29, 32-34) and assessed expression changes at R loop—prone
sites. Consistently, we observed increased expression at R loops fol-
lowing ZC3H4 depletion in HCT116 (GSE163015; fig. S5D), HEK-293
(GSE186809; fig. S5E), and HeLa cells (GSE212208 and GSE133109;
fig. S5, F and G, respectively). Notably, similar expression bursts at R
loop sites were also observed in ZC3H4-depleted mouse embryonic
stem cells (GSE199805; fig. S5H). For mice, R loop-prone sites were
defined using RLBase (62), based on preprocessed DNA:RNA hy-
brid immunoprecipitation sequencing (DRIP-seq) data from mouse
embryonic stem cells (SRX5290925), and expression at these sites
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loss in CAL-51 cells led to a strong increase in DRIP signal at these sites, confirming R loop induction. Signal specificity was validated by RNase H1 treatment, which sig-
nificantly reduced the DRIP signal.”ns” = P > 0.05; *P < 0.05. **P < 0.01; ***P < 0.001; ***##P < 0.0001.

was then assessed after ZC3H4 depletion. These analyses support
the notion that ZC3H4-mediated repression of R loop-associated
expression is a conserved phenomenon across species.

Further analysis of these R loop sites exhibiting elevated expres-
sion in ZC3H4-depleted cells revealed a distinct distribution: 58%
were located at promoters or transcription start sites (TSSs), 38%

Freyetal., Sci. Adv. 11, eadt8346 (2025) 18 June 2025

within gene bodies, and 4% in intergenic regions (Fig. 5F, inner cir-
cle). Notably, ZC3H4-repressed R loops were particularly enriched at
promoter-TSS regions, accounting for 45% of these sites, compared
to 28% in the general R loop distribution (Fig. 5F, outer circle). To
further characterize the transcriptional effect of ZC3H4 loss at R
loop-prone sites, we performed a metagene analysis of expression
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changes spanning entire genes, from upstream of the TSS to the tran-
scription end site (TES). R loop—prone regions were defined using
publicly available DRIP-seq data in K562 cells (RLBase, SRX8122753),
and transcriptional output was assessed using POINT-seq profiles fol-
lowing ZC3H4 depletion (GSE207421). This analysis revealed wide-
spread transcriptional up-regulation across gene bodies, with the most

Freyetal., Sci. Adv. 11, eadt8346 (2025) 18 June 2025

prominent increase upstream of TSSs that extended well beyond ca-
nonical promoter boundaries (fig. S5I). These upstream signals are
indicative of elevated expression of PROMPTs (63), consistent with
ZC3H4’s established role in repressing these ncRNAs.

These findings underscore ZC3H4’s critical role in transcription-
al regulation at these genomic loci. This pattern aligns with ZC3H4’s
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established genomic association and functional involvement in repress-
ing PROMPT loci (25, 26, 28, 32-35). Collectively, our data strongly
support that ZC3H4’s transcriptional repressor function is essential for
mitigating a key RS driver—R loops—particularly around TSSs.

To experimentally validate the R loop induction at promoter-TSS
sites upon ZC3H4 depletion and assess whether this phenomenon is
conserved in our CAL-51 system, we performed DRIP-quantitative
polymerase chain reaction (QPCR). We selected four R loop prone
sites that exhibited strong expression increase in ZC3H4-depleted
K562 cells (Fig. 5D, black circles, and table S3). Consistently, ZC3H4
depletion in CAL-51 cells led to a significant increase in DRIP signal
at all tested sites (Fig. 5G), confirming R loop accumulation. Signal
specificity was validated by RNase H1 treatment, which markedly
reduced the DRIP signal. As a negative control, we performed DRIP-
qPCR at genomic regions not prone to R loop formation (fig. S5J),
where no signal increase was detected, further reinforcing the spec-
ificity of R loop detection at the selected positive sites.

To determine whether ZC3H4 modulates R loop formation spe-
cifically during S phase, we performed $9.6 immunostaining in com-
bination with cell cycle markers: cyclin A (a marker of S-G;) and a
15-min EdU pulse (to mark S phase). ZC3H4-depleted cells exhib-
ited elevated S9.6 signals across all cell cycle phases compared to
controls (fig. S5K), indicating that ZC3H4 influences R loop forma-
tion broadly, rather than being restricted to replication. Nevertheless,
the accumulation of R loops may have more pronounced consequenc-
es during S phase, when TRCs are more likely to occur.

Our findings establish a direct link between ZC3H4 depletion and
R loop accumulation, with a notable enrichment at promoter-TSS
regions. This induction occurs independently of the cell cycle phase,
suggesting that ZC3H4 plays a broad regulatory role rather than a
replication-specific function. However, the accumulation of these R
loops can create physical barriers to replication forks, increasing the
likelihood of TRCs. These results underscore ZC3H4’s critical role
in preventing R loop-driven RS and safeguarding genome integrity.

ZC3H4 safeguards genome stability as a component of the
restrictor complex

Given ZC3H4’s involvement in restricting ncRNA expression as
part of the Restrictor complex (25, 26, 28, 32-35), it is plausible that
its role in preventing RS operates within this complex. To investigate
whether Restrictor is present at replication sites, we first queried a
database of proteins associated with replicating DNA, identified us-
ing the isolation of proteins on nascent DNA (iPOND) method (64).
Notably, all three Restrictor components were included in this list
(Fig. 6A). Using the same approach that identified ZC3H4 around
ORC sites, we analyzed ChIP-seq data for WDR82, a protein closely
linked to ZC3H4 (29), and confirmed its enrichment at replication
sites (Fig. 6B). Furthermore, we observed a similar correlation be-
tween WDR82 ChIP-seq signals and R loop abundance across the ge-
nome (Fig. 6C), mirroring the results seen with ZC3H4 and DRIPc-seq
data (Fig. 5C).

Both ARS2 and WDRS82 have been previously associated with R
loops in a large screening effort, similarly to ZC3H4 (58). To assess
whether depletion of ARS2 and WDRS82 affected the expression of R
loop-generating sites in a manner similar to ZC3H4 depletion, we
analyzed transcriptomic data from cells depleted of these proteins
(28). Loss of WDR82 and ARS2 resulted in an increased RNA-seq
signal at ZC3H4-associated R loop sites (Fig. 6D). In addition, in the
same study, ZC3H4-deficient cells were complemented with ectopic
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expression of truncated versions of ZC3H4, lacking its WDR82 and
ARS2/NEXT binding sites. Reanalysis of this data revealed that while
the WT version of ZC3H4 effectively restored the repression of RNA
production at R loop-producing sites, the mutant versions failed to
do so (Fig. 6E). These findings suggest that ZC3H4’s ability to bind to
its Restrictor partners is essential for its role in suppressing RNA pro-
duction and preventing the formation of corresponding R loops.

To experimentally validate the role of the Restrictor complex in
R loops and TRCs, we complemented ZC3H4-depleted cells with
either a full WT ZC3H4 version or truncated versions lacking inter-
actions with ARS2 (AN-term) or WDR82 (AC-term) (28). The ex-
pression of the plasmids was validated by Western blotting (fig. S5L).
First, we quantified the R loop signal in complemented cells using
S9.6 staining (Fig. 6F). While rescuing with the WT ZC3H4 version
restored R loop repression, the truncated versions failed to reduce
the $9.6 signal. These results support the requirement for the full
Restrictor complex in R loop reduction. In addition, these findings
align with the bioinformatics data presented in Fig. 6E, supporting
the use of RNA-seq expression at R loop sites as a reliable proxy for
studying R loop induction.

Next, we measured collision events in the complemented cells
using the PLA (Fig. 6G). Rescue with WT ZC3H4 significantly re-
duced TRC events, whereas the truncated versions failed to reduce
these events. This further reinforces the role of the Restrictor com-
plex in mediating TRCs.

Collectively, these findings establish the Restrictor complex as a
key safeguard of genome stability. Through integrated bioinformatic
analyses and experimental validation—including RNA-seq, ChIP-seq,
and functional assays—we demonstrate that the full Restrictor com-
plex is required to restrict ncRNA production at R loop—prone sites
and prevent TRCs, thereby preserving replication integrity (Fig. 7).

DISCUSSION

In our ongoing search for novel connections between genome instabil-
ity, cellular senescence, and aging (40, 65, 66), we conducted computa-
tional analyses to identify previously unknown genes at the intersection
of these processes. Through this approach, ZC3H4 emerged as a po-
tential player in this link. Simultaneously, ZC3H4'’s role as a suppressor
of pervasive production of ncRNA was uncovered through meticulous
work in other laboratories (25, 26, 28-30, 32, 33), while our data re-
vealed a previously unknown role of this protein in preventing RS. This
led us to hypothesize that ZC3H4 may directly function to prevent the
detrimental physical encounters of transcription and replication—
TRCs, which are a major source of genome instability (9, 10, 67). Our
experimental and computational results indeed support this hypothe-
sis, showing that ZC3H4/Restrictor is strategically positioned to pre-
vent TRC-driven RS by repressing ncRNA synthesis and subsequent R
loop formation. The dynamic regulation of ZC3H4 across the cell cycle
highlights its critical role during S phase. ZC3H4 and the Restrictor
complex have not previously been linked to RS resolution, highlight-
ing their previously undescribed role in maintaining genome stability.
These findings provide an explanation for the genome instability ob-
served in Zc3h4™'~ mouse embryos (35).

The presence of R loops at sites of TRCs triggered by ZC3H4
depletion is noteworthy. R loop abundance increases in hypertran-
scription states (13, 48), and their role in contributing to RS by act-
ing as barriers to replication fork progression is well documented
(11-13, 18, 48, 68). We observed elevated R loop signals along with
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Fig. 7. Model of ZC3H4/Restrictor in maintenance of genome stability. In WT cells, ZC3H4/Restrictor represses ncRNA expression at promoter sites, facilitating proper
replisome progression. In the absence of ZC3H4, uncontrolled ncRNA accumulation at its target sites leads to a hypertranscription state. This increases the likelihood of
TRCs, triggering RS, genome instability, and, ultimately, cell senescence. Created in BioRender, M.H. (2025; https://BioRender.com/79gclaf).

ncRNA bursts in ZC3H4-depleted cells, and ZC3H4 was previously
shown to be physically associated with R loops in an R loop proxim-
ity proteomics study (58).

Several mechanisms have been described for preventing TRCs.
Chromatin-based regulation, such as H3K4 methylation, mitigates
TRCs by modulating replication fork speed (69). Transcription ter-
mination factors, including Senl, remove stalled RNA polymerase
to prevent collisions with the replication machinery (70). R loop
resolution mechanisms, such as those based on RNase H or the FA
Complementation Group ] (FANC]) helicase, degrade RNA:DNA
hybrids that obstruct fork progression (68), while RNA surveillance
complexes such as TRAMP (Trf4/Air2/Mtr4p Polyadenylation com-
plex) prevent stalled transcripts from obstructing replication (71).
Depletion of SPT6, an RNAP II-associated elongation factor, leads
to excessive long ncRNA production, promoting R loop formation,
RS, and senescence (72). The Integrator complex, which attenuates
transcription through direct interaction with RNAP II, has been
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implicated in mitigating TRCs (22-24). Another mechanism in-
volves MYCN-dependent recruitment of the RNA-degrading exo-
some complex to transcribed regions, preserving genome stability
(73). In addition, PNUTS and WDRS2 have been shown to limit RS
by promoting RNAP II degradation on chromatin, thereby prevent-
ing TRCs (31).

Our findings uncover another player in TRC prevention, involv-
ing the Restrictor complex (ZC3H4-WDR82-ARS2), which inhibits
the early elongation of pervasive ncRNA transcripts, likely leading
to their subsequent degradation (29, 30). This prevents excessive ncRNA
accumulation and subsequent stalling of replication forks caused by
these roadblocks. This mechanism operates parallel to TRC resolu-
tion at gene bodies, with both mechanisms contributing to the main-
tenance of smooth DNA replication.

Many TRC studies have concentrated on gene bodies, active tran-
scription units, or ribosomal DNA (rDNA) as primary conflict sites
(9). Our study points to a regulatory layer at promoter regions, where
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pervasive ncRNA production can hinder replication fork progres-
sion. Notably, ZC3H4 recruitment at pre-TSS regions is consistent
with ZC3H4’s role in repressing promoter-associated RNAs (29).

WDRS2 appears to mediate TRCs through distinct mechanisms,
depending on its interacting partners. Notably, it forms mutually
exclusive complexes with either PNUTS or ZC3H4 (29), suggesting
that the WDR82-PNUTS complex mediates TRCs independently of
ZC3H4. Furthermore, the WDR82-PNUTS complex has been im-
plicated in a ZC3H4-independent role in the regulation of pervasive
RNA (29). This indicates that WDR82 may exert different regulatory
functions depending on its binding partner. In this study, we spe-
cifically investigated WDRS82 in the context of its interaction with
ZC3H4. To achieve this, we used truncated ZC3H4 variants incapa-
ble of binding WDR82, enabling us to isolate and examine WDR82’s
function within the ZC3H4 complex while minimizing potential
interference from its PNUTS-associated activity. Collectively, previous
data and our findings suggest that WDR82 mediates TRCs through
two distinct mechanisms: (i) When interacting with PNUTS, it fa-
cilitates RNAPOL2 degradation at gene bodies; and (ii) when inter-
acting with ZC3H4 and ARS?2, it suppresses ncRNA at promoters
and R loop-prone sites via exosome-mediated RNA degradation
(25, 29, 33). Moreover, WDR82 was even shown to exert an oppos-
ing effect to the ZC3H4-WDR82 complex when interacting with
SET Domain Containing 1A (SET1), forming a WDR82-SET1 com-
plex (34). In this context, WDR82-SET1 promotes the expression
genes with low to moderate expression by counteracting the restrictor
complex (29, 34). In addition, WDR82 further enhances transcription
by facilitating H3K4 methylation, a posttranslational modification
associated with actively transcribed genes (74). Together, these
findings suggest that WDR82 may have a more context-dependent
and multifaceted role in the regulation of pervasive RNA and TRCs
than ZC3H4.

An intriguing question concerns the specificity of ZC3H4/
Restrictor in suppressing ncRNA synthesis (29). One proposed ex-
planation is that this specificity arises from the low prevalence of
CpG islands in extragenic sequences, which reduces the activity of
CpG island-associated mechanisms that normally protect nascent
RNAs from premature transcription termination (34). Another hy-
pothesis suggests that Ul small nuclear RNA serves as a protective
shield, preventing ZC3H4/Restrictor from targeting protein-coding
genes (28). Notably, a key feature of pervasive ncRNA is its lack of
intron-exon structure, which prevents spliceosome recruitment—an
important factor in reducing R loop formation (75). Furthermore, it
was recently shown that ZC3H4/Restrictor promiscuously suppress-
es early elongation by RNAPOL2. However, its activity is largely
blocked at most mRNAs by the presence of the 5’ splice site, leaving
ncRNAs more susceptible to this suppression (30). Thus, with regard
to Rloops and TRCs, ZC3H4/Restrictor’s role is preventive, mitigat-
ing ncRNA bursts before they occur and cause R loop formation and
the ensuing TRCs. ZC3H4 may be recruited to ORC sites to fa-
cilitate origin firing and prevent obstruction of this process by
transcription. However, this enrichment must be interpreted with
caution, as replication origins frequently coincide with promoters
near active genes (76). Thus, ZC3H4 and WDR82 presence at these
sites may reflect a correlation with transcriptionally active regions
rather than direct recruitment to replication origins. Distinguishing
between these models requires further experimental validation. Fu-
ture studies tracking ZC3H4 dynamics during active replication un-
der hypertranscription conditions could help determine whether its
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role in TRCs is direct or a secondary consequence of transcriptional
dysregulation.

Similar to many genes encoding proteins involved in genome sta-
bility, ZC3H4 is mutated in certain cancers. RS is a hallmark of can-
cer cells, driven primarily by oncogene activation (77-79), and is
likely exacerbated by loss or inactivation of ZC3H4. The immediate
consequence of ZC3H4 depletion is a hypertranscription state, a fea-
ture of some aggressive cancers that is closely linked to RS (48, 80).
Notably, TRC-prone sites have been associated with an increased
frequency of somatic mutations in cancer cells (81). In this context,
we found that ZC3H4 loss leads to the formation of polynucleated,
senescent cells. These cells have been observed to escape senescence
more rapidly than their single-nucleus counterparts (82, 83). Nota-
bly, escape from therapy-induced senescence is a mechanism of tu-
mor recurrence after remission (82, 84).

From a technical perspective, our findings suggest that RNA-seq
expression at R loop-prone loci can serve as a reliable proxy for
identifying R loop repressors. We experimentally validated this ap-
proach using DRIP-gPCR, $9.6 staining, and STORM imaging, con-
firming that increased transcription at these sites correlates with R
loop accumulation. This strong association underscores the poten-
tial of transcriptomic data as an indirect yet powerful tool for study-
ing R loop regulation. Given the widespread availability of RNA-seq
datasets across various conditions and cell types, this method could
be used for in silico screening to identify novel R loop modulators.
By systematically analyzing gene expression changes at known R
loop sites, researchers could find previously undescribed candidates
involved in R loop suppression, providing a foundation for future
functional validation studies.

Our work highlights the previously underappreciated role of per-
vasive transcription in genome instability. These findings highlight
the necessity of regulating pervasive RNA before RS arises, rather
than solely resolving conflicts postoccurrence. Beyond its role in pre-
venting TRCs and RS, our coexpression analysis and GSEA, along
with ZC3H4’s high score in our DDR meta-analysis, suggest that
this protein may function within the broader system responsible for
maintaining genome stability, likely interacting with additional part-
ners. Hence, ZC3H4 may play an increasingly prominent role in the
expanding networks that safeguard genome integrity.

MATERIALS AND METHODS

Experimental protocols

Cell culture, synchronization, and treatments with irradiation
and chemicals

CAL-51 and HEK-293 cell lines, along with primary human skin fi-
broblast lines, were cultured in complete Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at 37°C in a 5%
CO, atmosphere. Irradiation-induced senescence (IRIS) was induced
by exposing the cultures to 10 Gy of IR using an irradiation cabinet
(RX-650, Faxitron Bioptics, Lincolnshire, IL, USA). Following irra-
diation, the cells were incubated for 14 days with medium replace-
ment every 4 days. On day 14 postirradiation, cells were deemed
senescent on the basis of the absence of proliferation and positive SA-
[B-Gal staining.

Cell cycle synchronization of human primary fibroblasts was
achieved using either a double-thymidine block or serum starvation.
For the double-thymidine block, ~2 x 10° per dish were seeded in
6-cm dishes and treated with 2 mM thymidine (Sigma-Aldrich,
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St. Louis, MO, USA) for 18 hours. The cells were then released for
9 hours and retreated with thymidine for an additional 16 hours be-
fore harvesting aliquots every 2 hours over a 24-hour period. For se-
rum starvation, the cells were cultured in medium containing 0.1%
fetal bovine serum for 48 hours, followed by serum replenishment
and subsequent harvesting every 2 hours over a 28-hour period. For
complementation assays using truncated versions of ZC3H4, CAL-51
cells were grown to 70% confluency, trypsinized, resuspended in
medium, and pelleted by centrifugation at 100g for 5 min. The pellet
was resuspended in phosphate-buffered saline (PBS) and centrifuged
again at 100g for 5 min, and the supernatant was removed. The cell
pellet was resuspended in 20 pl of SE Cell Line 4D-Nucleofector buf-
fer (Lonza, Basel, Switzerland) and ~5 pg of plasmid DNA along with
0.6 pl of Alt-R Cas9 Electroporation Enhancer V2 [Integrated DNA
Technologies (IDT), Coralville, IA, USA] were added to ~300,000
cells. The mixture was transferred into a well of a 16-well Nucleocu-
vette (Lonza) and nucleofected using the 4D-Nucleofector System
(Lonza), with the nucleofection program EO-100 for CAL-51 cells.
Following nucleofection, 100 pl of warm medium was added to the
cuvette, and the cells were incubated for 5 min before being plated in
12-well plates. After 2 days, Tetracycline-controlled transcriptional ac-
tivation (TET-ON) plasmid expression was induced by adding doxy-
cycline (1 pg/ml) for 24 hours, before phenotypic analysis.

ZC3H4 gene ablation

The ribonucleoprotein (RNP) nucleofection method was used for
ZC3H4 gene ablation. Single-guide RNAs (sgRNAs) were designed
using the Knockout Guide Design tool (Synthego, Redwood City, CA,
USA) and obtained along with Alt-R Cas9 RNPs from IDT (Coralville,
IA, USA). CAL-51, HEK-293 cells, or human primary skin fibroblast lines
were grown to 70% confluency, trypsinized, resuspended in medium,
spun down for 5 min at 100g, and resuspended in PBS. Approximately
300,000 cells were used per nucleofection. The cells were spun down
again for 5 min at 100g, while the RNP complex was formed by mix-
ing 1 pl of Alt-R S.p. Cas9 Nuclease V3 (IDT) with 0.7 pl of 100 pM
Alt-R CRISPR-Cas9 sgRNA in 5 pl of RNase-free water. The mixture
was incubated for 10 min at room temperature (RT). After spinning,
the PBS supernatant was removed, and the cell pellet was resuspended in
15 pl of SE Cell Line 4D-Nucleofector buffer (Lonza, Basel, Switzerland)
for CAL-51 and HEK-293 cells and P3 Primary Cell 4D-Nucleofector
buffer (Lonza) for primary skin fibroblasts. Approximately 6 pl of the
RNP mix (sgRNA + Cas9) and 0.6 pl of Alt-R Cas9 Electroporation
Enhancer V2 (IDT) were added. The mixture was transferred into a
well of a 16-well Nucleocuvette (Lonza) and loaded onto the 4D-
Nucleofector System (Lonza). The nucleofection programs used
were EO-100 for CAL-51 cells, EN-400 for primary fibroblasts, and
EN-100 for HEK-293 cells. Following nucleofection, 100 pl of warm
medium was added to each cuvette, and the cells were incubated for
10 min before being plated in 12-well plates. After 5 days, the cells
were replated in 96-well plates at an approximate dilution of one cell
per well. Two weeks later, the resulting clones were transferred to 24-
well plates in duplicates. DNA was extracted from one duplicate
using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-
Aldrich). PCR was conducted to obtain products spanning 500 base
pairs (bp) around the edited sites. The PCR products were sequenced,
and the resulting Sanger trace data file was analyzed using the ICE
CRISPR Analysis Tool (Synthego). Cell clones found to be homozy-
gous for ZC3H4 inactive alleles were expanded, and ZC3H4 loss was
verified using Western blotting analysis.
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WST-8 cell viability assay

The WST-8 assay kit (Dojindo Molecular Technologies, Rockville,
MD, USA) was used to assess cellular viability. Cells were resus-
pended in 100 pl of medium and seeded at a density of 1000 cells per
well in 96-well plates. Samples were taken daily, in triplicate. Ten
microliters of WST-8 reagent was added to each well, and the mix-
ture was incubated for 4 hours at 37°C. The optical density of the
mixture was measured at 460 nm using the Multiskan SkyHigh plate
reader (Dutscher, Brumath, France). The average of the triplicates
was calculated.

Measurement of cellular proliferation rate by EdU
incorporation

EdU was added to the culture medium at a final concentration of
10 pM, and the cultures were incubated for 12 hours. The cultures were
then washed three times with PBS, fixed with 4% paraformaldehyde
(PFA) for 15 min, permeabilized in PBS containing 0.5% Triton X-
100 for 20 min, washed twice with PBS, and blocked with PBS sup-
plemented with 5% bovine serum albumin (BSA) and 1% normal
donkey serum (NDS) for 1 hour. Incorporated EAU was visualized
using the Click-iT Plus EQU Alexa Fluor 488 (AF488) Imaging Kit
(Thermo Fisher Scientific, Waltham, MA, USA).

Clonogenic survival assay

Clonogenic survival was measured after treatment with HU (Sigma-
Aldrich). Various amounts of cells (100 to 2000) were seeded in 6-cm
plates, according to the increasing treatment doses. One day after
seeding, HU was added at different concentrations, and the cultures
were allowed to grow for 14 days. The resulting colonies were stained
with 0.5% crystal violet in 30% ethanol for 30 min at RT. The staining
solution was then washed off, and the colonies were imaged and
counted using the FUSION FX imaging system (Vilber Lourmat,
Eberhardzell, Germany).

SA-B-Gal imaging

A total of 5 x 10* cells were seeded in 12-well plates precoated with
0.2% gelatin and incubated for 24 hours. The cells were then fixed in
0.5% glutaraldehyde for 20 min at RT and washed three times with
PBS (pH 6.0). A f-Gal staining solution was applied, consisting of X-
Gal (1 mg/ml; Thermo Fisher Scientific), 5 mM potassium ferrocya-
nide (Sigma-Aldrich), 5 mM potassium ferricyanide (Sigma-Aldrich),
and 1 mM MgCl, (Invitrogen) in PBS (pH 6.0). The plates were tight-
ly sealed with Parafilm and incubated at 37°C in the absence of CO.,.
The reaction was terminated by washing the cells twice with PBS
(pH 7.4). Notably, the incubation time depended on the cell type: 3 hours
for CAL-51 cells, 4 hours for HEK-293 cells, and 6 hours for primary
skin fibroblasts. The cells were then incubated for 1 min in dimethyl
sulfoxide to remove stain crystals and washed with PBS (pH 7.4).
Bright-field images of random fields were captured using an inverted
Eclipse Ti-S microscope (Nikon, Tokyo, Japan). SA-B-Gal-positive
cells were scored using the Image]/Fiji software [National Institutes of
Health (NIH), Bethesda, MD, USA].

Western blotting analysis and antibodies

A total of 5 X 10° to 10 X 10° cells were lysed in radioimmunopre-
cipitation assay buffer [50 mM tris-HCI (pH 7.4), 150 mM sodium
chloride, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholic acid, and
0.1% SDS] supplemented with a phosphatase inhibitor mix (Sigma-
Aldrich), a protease inhibitor cocktail (Roche, Basel, Switzerland)
and benzonase (Merck Millipore, Darmstadt, Germany). The lysates
were centrifuged at 20,000¢ for 20 min at 4°C. The supernatant
was transferred into a new test tube, and protein concentration was
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determined using the Bradford Protein Quantification Assay (Bio-
Rad, Hercules, CA, USA). The samples were denaturated in 3X load-
ing sample buffer and boiled to 97°C for 10 min. Protein samples
were resolved by SDS-polyacrylamide gel electrophoresis and then
transferred onto a methanol-preactivated polyvinylidene difluoride
membrane in ice-cold transfer buffer. The proteins were separated at
400 mA for 4 hours or 200 mA overnight at 4°C. The membranes
were rinsed with double-distilled water, reactivated using 100% eth-
anol, and blocked with 5% BSA blocking buffer for 1 hour at RT. They
were then incubated overnight in a solution of primary antibody in
dilution buffer (1% BSA and 0.1% sodium azide) at 4°C. After washing
three times for 5 min each with Tween-Tris buffered saline (T'TBS), the
membranes were incubated with species-appropriate horseradish
peroxidase—conjugated secondary antibodies diluted in TTBS con-
taining 5% nonfat skim milk for 1 hour at RT. This was followed by
three washes with TTBS (5 min each). Immunoreactive proteins were
detected using enhanced chemiluminescence and the FUSION FX
imaging system (Vilber Lourmat, Eberhardzell, Germany). Immu-
noblot staining was performed using the antibodies against the fol-
lowing proteins in tris-buffered saline with Tween 20 containing 5%
milk: ZC3H4 (1:1000 dilution; Atlas Antibodies, Stockholm, Sweden),
Heat Shock Cognate 70 kDa protein (HSC70) (1:10,000; Santa Cruz
Biotechnology), High Mobility Group Box 1 (HMGB1) (1:1000; Cell
Signaling Technology, Danvers, MA, USA), Lamin B1 (LMNB1) (1:1000;
Cell Signaling Technology), phospho-p53 (1:1000; Cell Signaling
Technology), p53 (1:1000; Santa Cruz Biotechnology), p21 (1:1000;
Santa Cruz Biotechnology), cyclin B (1:1000; Santa Cruz Biotech-
nology), and cyclin A (1:1000; Santa Cruz Biotechnology). For de-
tecting YH2AX (1:1000 dilution; Merck Millipore) using Western
blotting, cell lysis was performed with benzonase (Merck Millipore)
to detach the histones from the DNA.

Immunostaining

A total of 5 x 10* cells per well were seeded in 24-well plates contain-
ing coverslips coated with 0.2% gelatin (Sigma-Aldrich) and, 24 hours
later, were exposed, or not, to genotoxic agents. Cells were washed
twice in PBS and fixed in 4% PFA for 20 min at RT, permeabilized in
0.5% Triton X-100 (Sigma-Aldrich) for 15 min, washed twice with
PBS, and blocked in a blocking buffer (PBS containing 5% BSA and
10% NDS). The slides were subsequently incubated with primary an-
tibody solutions for 1.5 hours at RT, with mild agitation. Primary an-
tibodies against the following proteins were used: 53BP1 (1:500; Novus
Biologicals, Centennial, CO, USA), YH2AX (1:500; Sigma-Aldrich),
tubulin (1:5000; Sigma-Aldrich, T5168), and pRPA (1:500; Bethyl
Laboratories, Montgomery, TX, USA). The slides were washed three
times, 5 min each, in PBS containing 0.1% Triton X-100 and incubated
for 30 min with secondary antibody solution [AF647-conjugated goat
anti-rabbit immunoglobulin G (IgG) or AF488-conjugated goat anti-
mouse IgG; 1:1000 in blocking buffer]. They were then washed three
times, 5 min each, with PBS containing 0.1% Triton X-100. The cov-
erslips were mounted on slides using a mounting medium containing
4’,6-diamidino-2-phenylindole (DAPI) (GBI Labs, Kentwood, MI,
USA), dried at RT, and stored at 4°C, protected from light. Images of
randomly selected fields were captured using an inverted microscope.
For R loop immunostaining, cells were first incubated for 3 min in cyto-
skeleton (CSK) buffer [10 mM Hepes (pH 7.4), 300 mM sucrose,
100 mM NaCl, 3 mM MgCl,, and 0.5% (v/v) Triton X-100] to remove
the cellular cytoplasm. The cells were then fixed in ice-cold 100% meth-
anol for 20 min at —20°C. Subsequently, they underwent the above pro-
cess and stained with the $9.6 antibody (1:100; Sigma-Aldrich).
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Microscopic images were analyzed using the CellProfiler soft-
ware (85). For counting nuclear foci, the nuclear region of interest
(ROI) was defined using DAPI image segmentation, and the corre-
sponding images were used to quantify the number of foci per
ROL. Foci counts were statistically analyzed using a nonparametric ¢
test. For R loop signal intensity, the DAPI image was used to define
the nuclear ROI, the corresponding $9.6 images were used to quan-
tify and average the signal intensity across the nucleus, and the in-
tensity data were statistically analyzed using a nonparametric f test.
Microscopy images presented in the figures were processed using
Image] solely for visualization purposes. Adjustments were limited
to linear contrast enhancement and brightness optimization to im-
prove image clarity. All quantitative analyses were performed on
raw, unprocessed image data.

Evaluation of RNA synthesis via 5-EU incorporation
(epifluorescence)

The Click-iT RNA AF488 Imaging Kit (Thermo Fisher Scientific)
was used for evaluating RNA synthesis. A total of 1 x 10 cells per
well were seeded in six-well plates precoated with 0.2% gelatin and
left overnight to adhere. On the following day, cells were treated, or
not, with 100 pM DRB (Sigma-Aldrich) for 1.5 hours in the incuba-
tor. Subsequently, incubation continued in the presence of 1 mM
5-EU for 30 min. The cultures were then washed with PBS, and the
cells were fixed with 4% PFA for 15 min at RT. After two additional
PBS washes, the fixed cells were permeabilized using 0.5% Triton
X-100 (Sigma-Aldrich) in PBS for 15 min, washed twice with PBS,
and blocked with a blocking buffer (PBS containing 5% BSA and
10% NDS). The incorporated 5-EU was stained using the Click-iT
reaction. Coverslips were mounted on slides using a mounting me-
dium containing DAPI (GBI Labs), dried at RT, and stored at 4°C,
protected from light. Images of randomly selected fields were cap-
tured using an inverted microscope. The DAPI images were used to
define nuclear ROIs via segmentation. The average 5-EU signal in-
tensity per nuclear ROI was measured and statistically compared
between conditions using a ¢ test. Microscopy images displayed in
the figures were processed using Image] for visualization purposes.
Adjustments included linear contrast enhancement and brightness
optimization to improve clarity for the reader. All quantifications,
however, were performed on raw, unmodified images.

DNA fiber assay

DNA fiber analysis was performed as previously described (86).
Briefly, cells at 70% confluency were sequentially labeled for 20 min
each with the nucleotide analogs 5-iodo-2'-deoxyuridine (IdU)
(Sigma-Aldrich) and then 5-chloro-2'-deoxyuridine (CIdU) (Merck
Millipore) at 37°C, with two PBS washes in between. Cells were har-
vested by trypsinization, washed with cold PBS, and lysed in 0.5%
(v/v) SDS, 200 mM tris (pH 7.4), and 50 mM EDTA for 6 min. DNA
lysates were spread on glass slides tilted at a 15° angle, dried at RT,
and fixed in cold 3:1 methanol:acetic acid. Before staining, the DNA
was denatured in 2.5 M HCI for 30 min at RT, washed with PBS, and
blocked in 5% (w/v) BSA and 0.5% (v/v) Triton X-100 in PBS. Slides
were then stained with primary antibodies (mouse anti-IdU, BD Bio-
sciences, San Jose, CA, USA; and rat anti-CldU, Abcam) diluted in
blocking buffer, followed by three PBS washes. Fluorescent second-
ary antibody staining was performed using AF647-conjugated goat
anti-rabbit IgG and AF488-conjugated goat anti-mouse IgG (both
1:1000 in blocking buffer; Thermo Fisher Scientific). Fibers were vi-
sualized using a BZ-X710 microscope (Keyence, Osaka, Japan), and
fiber track lengths were calculated using Image] (NIH, Bethesda,
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MD, USA). Microscopy images displayed in the figures were pro-
cessed using Image] for visualization purposes. Adjustments included
linear contrast enhancement and brightness optimization to improve
clarity for the reader. All quantifications, however, were performed on
raw, unmodified images.

Proximity ligation assay

A total of 5 x 10* cells per well were seeded in 24-well plates contain-
ing coverslips coated with 0.2% gelatin (Sigma-Aldrich). After 24 hours,
cells were fixed in 4% (v/v) PFA for 15 min at RT, followed by per-
meabilization with 0.5% (v/v) Triton X-100 for 5 min at RT. PLA was
performed using the NaveniFlex Cell Red kit (Navinci Diagnostics
AB, Uppsala, Sweden). Replication was stained using PCNA antibod-
ies (1:2000; PC-10, Abcam), and transcription was assessed using
RNAPOL2-Ser” antibody (1:2000; ab193468, Abcam). Imaging was
performed using a BZ-X710 microscope (Keyence, Osaka, Japan),
and the number of foci per nucleus was quantified using CellProfiler
(The Imaging Platform, Broad Institute, Cambridge, MA, USA).
STORM imaging and data analysis

Multicolor single-molecule localization microscopy (SMLM)-
STORM assays, including sample preparation, data acquisition, and
application of automated data analysis, were performed using estab-
lished protocols (49, 55, 86-88). Briefly, for the EAU staining, cells
were seeded on coverslips and labeled with 10 pM EdU (Thermo
Fisher Scientific) for 15 min at 37°C. For the 5-EU staining, cells
were seeded on coverslips and labeled with 1 mM 5-EU (Thermo
Fisher Scientific) for 10 min at 37°C. Treated or untreated cells were
fixed in 4% (v/v) PFA for 15 min at RT and extracted with CSK buf-
fer [10 mM Hepes (pH 7.4), 300 mM sucrose, 100 mM NaCl, 3 mM
MgCl,, and 0.5% (v/v) Triton X-100] for 3 min at RT. After washing
three times in PBS, cells were blocked for 60 min at RT with a block-
ing buffer [5% (w/v) BSA, 2% (w/v) glycine, 0.2% (w/v) gelatin, and
50 mM NH,CIl]. EdU and 5-EU were detected using Click-iT chem-
istry (Click-iT Plus EAU AF488 Imaging Kit or Click-iT RNA AF488
Imaging Kit, Thermo Fisher Scientific). Coverslips were stained for
1 hour at RT with antibodies against targets of interest: PCNA
(1:5000; Santa Cruz Biotechnology, Dallas, TX, USA), R loop anti-
body $9.6 (1:5000; Sigma-Aldrich), and pSer’/RNAP II (1:7500; Ac-
tive Motif, Carlsbad, CA, USA) in blocking buffer. After mounting
on microscope slides, imaging was conducted in an imaging buffer
[glucose oxidase (1 mg/ml), catalase (0.02 mg/ml), 10% glucose, and
100 mM cysteamine]. SMLM was performed using a custom-built
inverted microscope based on the Rapid Automated Modular Mi-
croscope System (ASI RAMM) platform. A 639-nm laser (MRL-FN-
639-800, Ultralasers) and a 561-nm laser (Sapphire 561 LPX-500,
Coherent) were aligned, expanded, collimated, and directed into a
total internal reflection fluorescence objective (UApo N, 100x/1.49
numerical aperture, Olympus) using a pentaedged dichroic beam
splitter (FF408/504/581/667/762-Di01, Semrock). Lasers were ad-
justed into highly inclined and laminated optical sheet mode before
imaging with the illumination intensity at ~1.5 kW/cm?® for the 639-nm
laser and 1.0 kW/cm? for the 561-nm laser at the exit of the ob-
jective. A 405-nm laser (MDL-III-405-100, Ultralasers) was used to
drive AF647 to its ground state, and AF647 and Janelia Fluor 549 (JF549)
were excited sequentially by the 639- and 561-nm lasers, respectively.
Both of their fluorescence was expanded to 1.67x and filtered by a
single-band pass filter (FF01-676/37 for AF647 and FF01-607/36 for
JF549, Semrock). Fluorescence emission was collected using a scientific
complementary metal-oxide semiconductor camera (Prime 95B, Tele-
dyne Photometrics) at 33 Hz/30 ms per frame for a 2000 frames for
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each color. A regular Dominion Astrophysical Observatory Sto-
chastic Optical Reconstruction Microscopy (DAOSTORM) routine
was used for single-molecule localization, as previously described
(49). Each frame was stacked with a smaller (6 = ~143 nm) and a
bigger (6 = ~ 286 nm) Gaussian kernel, and the local maximum was
identified by subtracting the bigger from the smaller filtered images.
A 9 % 9 square (1 pixel is about 65 nm) around each local maximum
was cropped and submitted for multi-focus averaging (MFA) sub-
pixel localization by fitting the data to one or more two-dimensional
Gaussian point spread functions through maximum likelihood es-
timations. The fitting accuracy of each target of interest that was
given by the Cramér-Rao lower bound was analyzed by fitting its
distribution with a skew Gaussian distribution, using the center as
the average localization precision. Localizations that appeared with-
in 2.5 times of the average localization in consecutive frames were av-
eraged and considered as a localization from one blinking event. The
coordinates of these events were then submitted for pair correlation
analysis. Representative SMLM images were generated from the coordi-
nate list to the 10-nm pixel canvas and blurred with a Gaussian kernel
(0 =~143 nm) for display. SMLM data analysis, including the alignment
of three-color channels, auto—pair correlation (PC), and cross-PC analy-
sis, was performed as previously described (49, 55, 86-88).
DRIP-qPCR

DRIP-qPCR was performed as previously described (15) with modi-
fications. Briefly, cell pellets corresponding to 5 to 10 million cells
were harvested and resuspended in Tris and EDTA (TE) buffer. SDS
was added to a final concentration of 0.5% (v/v), and proteinase K
was added to a final concentration of 0.5 mg/ml, followed by incuba-
tion at 37°C overnight. DNA was extracted through two sequential
phenol-chloroform-isoamyl alcohol extractions, precipitated with
2.5 M ammonium acetate and ethanol, washed with 70% (v/v) ethanol,
and resuspended overnight at 4°C in nuclease-free TE buffer. DNA
was sheared by sonication (8 cycles of 30-s on/30-s off) using a Bi-
oruptor Pico (Diagenode, Denville, NJ, USA) to achieve a fragment
size range of 200 to 1000 bp. Sonication efficiency was verified by
running a 1% agarose gel. A total of 30 pg of DNA was immunopre-
cipitated overnight at 4°C with 3 pg of $9.6 antibody (Kerafast) in
binding buffer [10 mM sodium phosphate (pH 7), 0.14 M NaCl, and
0.05% (v/v) Triton X-100] with gentle rotation. A slurry of 10 pl of
Protein G Dynabeads (Thermo Fisher Scientific) and 10 pl of Protein
A Dynabeads (Thermo Fisher Scientific), prewashed in binding buf-
fer, was added to each immunoprecipitation and incubated at 4°C for
2 hours. Immunoprecipitates were washed twice with binding buffer
for 15 min each at 4°C with gentle rotation. DNA was eluted in 50 mM
tris (pH 8.0), 10 mM EDTA (pH 8.0), and 0.5% (v/v) SDS for 1 hour
at 55°C with agitation. The eluate was recovered, and DNA was purified
using phenol-chloroform-isoamyl alcohol in 2-ml 5PRIME phase-
lock gel tubes (Quantabio) according to the manufacturer’s instruc-
tions. The DNA was then precipitated and resuspended in RNase-free
TE buffer. qPCR was performed on diluted immunoprecipitated DNA
at the loci of interest (see table S3), as previously described (15), us-
ing a QuantStudio 6 Pro qPCR machine (Applied Biosystems, Foster
City, CA, USA). Data were analyzed as a percent of input fold change
over the control condition.

Computational analysis

Meta-analysis of protein-coding genes in DDR screens

A meta-analysis was conducted to rank protein-coding genes based on
their recurrence in published DDR screens (36). Data from relevant
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studies were manually curated [see Schlam-Babayov et al. (36) for the
list of selected studies]. Next, the genes identified as hits were assigned
a score based on their frequency of appearance. The resulting scores
were visualized using a distribution histogram generated with the gg-
plot2 package (89) in R. For the correlation analysis between a gene’s
DDR score and its mutation rate in cancer (fig. SLA), the mutation fre-
quencies for 18,736 protein-coding genes were extracted from the
CCLE (44) database within the cBioPortal platform (45). Genes were
subsequently categorized on the basis of their DDR score, and muta-
tion rates were visualized using box plots generated in R Studio (90).
Meta-analysis of senescence-associated transcriptomes
This analysis was performed for a separate publication (40). Briefly,
public RNA-seq data from senescence transcriptomic studies were
selected according to two criteria: (i) availability of raw data for both
senescent and proliferative states and (ii) experiments conducted in
primary cell lines aiming at replicative senescence or senescence in-
duced by DNA damaging agents. Studies involving senescence in-
duced by genetic manipulation such as oncogene-induced senescence
were not included. Raw data were acquired from the Short Read
Archive (SRA) and were subjected to systematic preprocessing us-
ing the Galaxy platform (91). Quality control measures included the
utilization of FASTQC (92), followed by reads trimming to remove
10 bp from the external regions and eliminating reads with a quality
score (Q) less than 25, using the Trimmomatic tool (93) and FASTQC
reassessment. Trimmed reads were aligned against the GRCh38/
hg38 version of the human genome using the HISAT2 tool (94). The
alignment quality was confirmed using the MultiQC tool (95). For
protein-coding genes (GENCODE V44), gene expression quantifi-
cation was carried out using FeatureCount (96). Count tables for
each dataset were normalized to log counts per million using EdgeR
(97) and used to validate a clear and distinct separation between the
proliferative and senescent conditions through principal components
analysis (R v3.5.3 “stats” package). Subsequently, differential gene
expression analysis was performed using the DESeq2 package (98),
with the following thresholds: adjusted P < 0.05 and absolute log,
fold change > |0.58|. To prioritize genes that were consistently de-
regulated across the selected studies, we assigned a score to each
gene based on the number of studies in which its expression was
significantly altered. Genes received a score of +1 for up-regulation
and —1 for down-regulation in studies where their expression was
significantly altered. Last, the scores were plotted in a distribution
histogram using the ggplot2 package (89).
Coexpression analysis
To identify genes coexpressed with ZC3H4, correlation analysis was
performed using the analyzeSingleGenes function from the correla-
tionAnalyzeR R package (49). The analyzeSingleGenes function pa-
rameters were set to Tissue = “all” and the Sample Type = “normal”
The implemented corGSEA analysis was subsequently used to pre-
dict the ZC3H4 function and generate the pathway enrichment plots.
To generate the network of pathways correlating with ZC3H4,
genes were ranked according to their correlation level with ZC3H4, as
obtained from the previous correlationAnalyzeR analysis. The ranked
list was uploaded to GSEA software (99) and used in the “Run GSEA-
Preranked” tool with GSEA database set to “c2.all.v2023.2.Hs.sym-
bols.gmt,” and other settings set as default. Next, the “Enrichment
Map Visualization” tool (43) was used to generate and export a graph
to the Cytoscape software (100). Last, the graph was annotated using
AutoAnnotate tool (42), and style and layout were organized within
Cytoscape (100).
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ChIP-seq signal at ORCs

Raw ChIP-seq data for ZC3H4, WDR82, and IgG input were down-
loaded from Gene Expression Omnibus (GEO) (101) (accession ID:
GSE207416). The raw FASTA data were acquired from the SRA and
preprocessed using the Galaxy platform (91). Quality control was
performed using FASTQC tool (92), followed by reads trimming to
remove 10 bp from the external regions, and reads with a quality
score (Q) less than 25 were eliminated using the Trimmomatic tool
(93). Trimmed reads were aligned against the GRCh37-hg19 version
of the human genome using the HISAT2 tool (94). Aligned BAM
files were filtered using “Filter BAM” from BAMtool tool suite (102)
for a read mapping quality of >20. Next, BigWig files were generated
by comparing the ChIP-seq data to the input IgG data using the
“bamCompare” tool from deepTools2 suit (103). The ORCs were
obtained from Liu et al. (56) (https://github.com/CL-CHEN-Lab/
OK-Seq/tree/master/published_results/K562) as BED files. The ChIP-
seq coverage (BigWig files) over the origin intervals (BED files) was
calculated using the megadepth R package (104) and its get_coverage
function. In parallel, a random origin BED file was generated using
the “ShuffleBed” tool from BEDTools suite (105) and used to calculate
the ChIP-seq coverage over random regions. Last, the ChIP-seq cover-
age signal distributions were compared between the origins and
shuffled origins using a ¢ test.

Correlation analysis between ChIP-seq and RFD

Raw ChIP-seq data for ZC3H4 and IgG Input were preprocessed
from FASTA to BigWig files as described above. The RFDs were ob-
tained from Liu et al. (56) (https://github.com/CL-CHEN-Lab/OK-
Seq/tree/master/published_results/K562) as BigWig files. The two
replicates within ChIP-seq ZC3H4 were merged in one using “big-
wigAverage” tools from deepTools2 suite (103). Next, the averaged
BigWig files were segmented into bins of 10,000 nucleotides using
the “multiBigwigSummary” deepTools2 tool (103) with the “Save
raw counts (scores) to file” option. The output table contains all the
genomic intervals (bins) with the corresponding |[RFD| value and
ZC3H4 ChIP-seq coverage signal. These data were uploaded onto
the R Studio. Bins were ordered by quantiles based on the |RFD| value,
using the dplyr R package (106). The ZC3H4 ChIP-seq coverage sig-
nal was then plotted in a box plot using the ggplot2 package (89),
with the x axis representing the ZC3H4 ChIP-seq coverage signal
and the y axis representing the ascending [RFD| quantile.
Correlation analysis between ChIP-seq and DRIP-seq

Raw ChIP-seq data for ZC3H4, WDR82, and IgG input were pre-
processed from FASTA to BigWig files as described above. For this
analysis, the reads were aligned with the GRCh38/hg38 version of
the human genome. The preprocessed DRIP-seq data (BigWig files)
were retrieved from GEO (accession ID: GSE154631). The replicates
within ChIP-seq ZC3H4, ChIP-seq WDR82, and DRIP-seq BigWig
files were merged in one using bigwigAverage tools from deepTools2
suite (103). Next, the averaged BigWig files were segmented into a bin
of 10,000 nucleotides using the multiBigwigSummary deepTools2
tool (103) with the Save raw counts (scores) to file option. The out-
put table contains all the genomic intervals (bins) with the corre-
sponding DRIP-seq, ZC3H4 ChIP-seq, and WDR82 ChIP-seq coverage
signal. These data were uploaded for analysis in R Studio. Bins were
ordered by quantile on the basis of the DRIP-seq value using the
dplyr R package (106). Then, the ChIP-seq values (ZC3H4 or WDR82)
were plotted in a box plot using the ggplot2 package (89), with the x
axis representing the ChIP-seq coverage and the y axis representing
the ascending DRIP-seq quantile.
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RNA-seq public data analysis

RNA-seq and POINT-seq FASTA data were downloaded from GEO
(accession ID: GSE207421) and subjected to systematic preprocess-
ing using the Galaxy platform (91) as described above. Read quality
control was performed using the FASTQC tool (92), followed
by trimming using the Trimmomatic tool (93). Trimmed reads were
aligned against the GRCh38/hg38 version of the human genome using
the HISAT2 tool (94). The counting step was carried out with feature-
Count (96) to quantify the expression over specific ROIs: (i) genes, (ii)
ORGCs, and (iii) R loop—prone sites. Genes were defined using the hg38
built-in reference. ORCs were defined using the BED files from (56)
(https://github.com/CL-CHEN-Lab/OK-Seq/tree/master/published_
results/K562). R loop-prone sites were defined using Lin et al. (61)
database (https://rloopbase.nju.edu.cn) with “level 5 R loop zones in
humans” Differential region expression analysis was performed us-
ing the DESeq2 package (98), with the following thresholds: adjusted
P <0.05 and absolute log, fold change > |0.58]. Differentially expressed
regions were visualized in volcano plots using the ggplot2 package
(89). Expression heatmaps were prepared using the pheatmap R pack-
age (107). Colored palettes were obtained from paletteer R package
(108). The annotation of the identified ROIs (e.g., sites of R loops
induced by ZC3H4 loss) was done using the online annotation tool
GREAT (109).

Metagenomic profiling of ZC3H4-repressed R loops

R loop-prone sites were identified using publicly available DRIP-seq
data from K562 cells [SRX8122753, RLBase; Miller et al. (62)]. Tran-
scriptional changes at these regions following ZC3H4 depletion were
analyzed via differential expression analysis using POINT-seq data
(GSE207421). To associate R loop regions with genomic context, each
ZC3H4-repressed R loop site was assigned to its nearest protein-coding
gene using BEDtools closestBed (105), with gene annotations obtained
from Ensembl BioMart (110). The resulting BED files generated a list
of nearby protein-coding genes. Using deepTools2, we plotted the log,
fold change of expression across these genes, spanning from the pro-
moter and TSS, through the gene body, to the TES. This gene-centric
approach enabled us to assess the transcriptional changes surround-
ing R loop-enriched loci in the context of annotated genes, rather
than analyzing R loops as isolated features.

Gene expression profiling interactive analysis

Expression correlation between ZC3H4 and RNASEH1 was calculat-
ed using the GEPIA2 (gene expression profiling interactive analysis
2) platform (111), exclusively analyzing The Cancer Genome Atlas
normal tissue samples.
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Figs.S1to S5

Legends for tables S1to S3
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