H
Nucleic Acids Research, 2025, 53, gkaf1429
https://doi.org/10.1093/nar/gkaf1429
Genome integrity, repair and replication
. OXFORD

OPEN ACCESS

ANNIVERSARY

A mitotic bookmark coordinates transcription and

replication in Drosophila embryos

Chun-Yi Cho © and Patrick H O’Farrell”

Department of Biochemistry and Biophysics, University of California, San Francisco, CA 94158, United States
*To whom correspondence should be addressed. Email: ofarrell@cgl.ucsf.edu

Abstract

Collisions between advancing replication forks and elongating transcripts pose a universal threat. During the rapid nuclear division cycles in
early Drosophila embryos, coordinating transcription and replication is critical to reduce the risk of collisions. In each cycle, replication begins
immediately after mitosis, while transcription starts 3 min later, overlapping replication for the remainder of interphase. We previously showed
that transcription depends on Brd4, which forms hubs at active genes. Here, we show that Brd4 persists on mitotic chromosomes as bookmarks
of transcriptional activation. Upon anaphase entry, the replication initiation factor Cdc7 forms Brd4-dependent foci that promote early replication
in the following interphase. Additionally, Cdc7 activity disperses Brd4 such that post-mitotic transcription occurs only after a new round of Brd4
hub assembly. Early initiation of replication in conjunction with deferred transcription is proposed to allow unimpeded transcriptional elongation
behind advancing replication forks. Supporting this, inhibiting Cdc7 delayed replication, stabilized Brd4 bookmarks, and resulted in premature
transcription with elongation defects. We propose that Cdc7 triggers a functional switch in Brd4 that enforces temporal ordering of the initia-
tion of replication and transcription, thereby minimizing collisions. This switching process might underlie the widespread correlation between

transcriptional activity and early replication.
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Introduction

All dividing cells face the risk of collisions between transcrip-
tion and replication machineries [1, 2]. Such collisions dis-
rupt both processes, leading to DNA damage and genome in-
stability [3-3]. Despite this risk, the central dogma has been
conserved throughout evolution, with DNA serving as the
template for both transcription and replication. This suggests
the existence of mechanisms that prevent or at least mini-
mize these collisions. Indeed, studies in diverse organisms—
including ciliates, yeast, and humans—revealed that transcrip-
tion and replication normally do not occur simultaneously at
the same genomic region [6-8]. However, the mechanisms un-
derlying this coordination remain largely undefined.

Early embryogenesis in Drosophila provides an excellent
model for exploring this question. After fertilization, the em-
bryo undergoes 13 synchronous cell cycles as a syncytium
(nuclear division cycles, NCs), rapidly alternating between S
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and M phases without intervening gap phases or cytokine-
sis. An early wave of zygotic transcription begins in NC8 and
continues through NC13 [9], with transcripts initiating ~3
min into each S phase and aborting upon entry into mito-
sis [10]. Despite overlapping intense replication activity, genes
are successfully transcribed during these short S phases. We
recently found that, during NC12, transcription depends on
replication [11]. This coupling of transcription to replication
was suggested to contribute to a “replication-first” strategy,
in which transcription initiates only on replicated DNA seg-
ments and can follow replication forks unimpeded.
Developmental changes in the cell cycle complicate a
replication-first strategy. In early Drosophila embryos, the S-
phase duration progressively lengthens, with a roughly two-
fold increase from NC12 (8=9 min) to NC13 (15-16 min)
and a dramatic increase to about an hour in NC14 [12,
13]. This lengthening is largely driven by the emergence of a
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replication-timing program, where different genomic regions
initiate replication at distinct times during S phase, in contrast
to the near-synchronous initiation throughout the genome in
the earliest short cycles [12, 14]. If the coupling of transcrip-
tion to replication meant that transcription had to await lo-
cal replication of its template during a prolonged S phase, the
onset of transcription would be significantly delayed through-
out much of the genome, unless transcribed loci are prefer-
entially replicated early. Given that transcription still initiates
~3 min into NC13 and considering that the transcribed genes
generally replicate early in S phase [14], we hypothesized the
existence of a mechanism that promotes early replication of
transcribed loci in the syncytial embryo.

The chromatin environment regulates DNA-templated pro-
cesses. One key mechanism involves the recognition of his-
tone marks by specialized reader proteins [15]. Among these,
bromodomain-containing proteins are the primary readers of
histone acetylation, a hallmark of open chromatin and active
genes [16, 17]. Members of the bromodomain and extratermi-
nal domain family, such as Brd4, have been extensively stud-
ied for their roles in both transcription and replication. Brd4
promotes transcription by recruiting the positive transcription
elongation factor b (P-TEFb) [18, 19], while also advancing
replication timing by recruiting the replication initiation fac-
tor Treslin [20]. In mammalian cells, Brd4 has been implicated
in coordinating transcription with replication to prevent R-
loop accumulation [21-24]. Notably, Brd4 is one of the few
transcriptional regulators that remain bound to select loci dur-
ing mitosis. Localized mitotic binding is thought to serve as
a bookmark, preserving a memory of transcriptional activity
from the previous cell cycle [25-29]. Mitotic bookmarks are
generally associated with the rapid reactivation of gene ex-
pression in daughter cells [30], but whether their function ex-
tends to other biological processes is unknown.

Recent studies show that the Drosophila homolog of
Brd4/Fs(1)h and its upstream regulator, the lysine acetyl-
transferase CBP/Nejire, activate early zygotic transcription
[31-33]. These factors act downstream of pioneer transcrip-
tion factors, including Zelda for non-histone genes and an
unidentified factor for the replication-dependent histone genes
[31]. Brd4 forms dynamic clusters that emerge and disperse
during progression from NC12 to NC13 [31]: clusters ap-
pear ~2 min into S phase 12, persist through mitosis, dis-
perse rapidly at the onset of the S phase 13, and then reap-
pear after another 2-min delay. In NC12, Brd4 first forms
minor clusters that largely coincide with non-histone genes.
These minor clusters serve as “transcriptional hubs” by sub-
sequently enriching RNA polymerase II to fuel a burst of
transcription at ~3 min into S phase. In late S phase 12,
dominant Brd4 clusters become apparent at the histone locus
bodies (HLBs), which organize ~100 tandem repeats of the
replication-dependent histone genes [34]. Both the minor and
dominant Brd4 clusters persist on mitotic chromosomes [31].
While Zelda knockdown eliminated the minor clusters, CBP
knockdown eliminated both the minor and dominant clusters
in both interphase and on mitotic chromosomes, consistent
with the known transcriptional dependencies of non-histone
and histone genes, respectively [31].

Since Brd4 localization persists through mitosis, it could
contribute to the bookmarking of activated genes. However,
these clusters disperse rapidly after mitosis and must reassem-
ble before a new round of transcription begins 3 min later, sug-
gesting that any contribution of mitotically stable Brd4 hubs

to transcriptional reactivation in a subsequent NC is indirect.
Given the absence of gap phases and the immediate onset of
DNA replication after mitosis, we hypothesized that mitotic
Brd4 hubs serve to promote early replication timing in NC13
and NC14. Advancing replication timing can in principle sus-
tain the replication-first order while providing bookmarked
loci the opportunity to initiate transcription early despite over-
all slowing of S phase.

Here, we uncover a role of mitotic bookmarks in promot-
ing early replication of specific genomic regions in syncytial
Drosophila embryos. We demonstrate that Brd4 hubs undergo
a functional switch from promoting transcription to promot-
ing replication following passage through mitosis. Using live
imaging, we show that Brd4 hubs persist on mitotic chromo-
somes and facilitate the recruitment of the replication initi-
ation factor, Cdc7 kinase, to select loci during entry into S
phase. This mechanism links transcriptional activation in one
cycle to replication timing in the next cycle, ensuring that ac-
tive genes are replicated early in a prolonged S phase. Impor-
tantly, the early recruitment of Cdc7 triggered the removal
of Brd4 bookmarks, thereby enforcing a dependency of tran-
scription on a new round of transcriptional hub assembly
and ensuring that transcription follows replication. Inhibit-
ing Cdc7 stabilized Brd4 bookmarks and delayed replication,
changes that were associated with precocious RNAPII recruit-
ment and disrupted transcriptional elongation. We suggest
that the ordering of events enforced by Cdc7 function delays
transcription such that it begins only after replication forks
have cleared the region, and that the disruption of this co-
ordination leads to collisions interfering with transcript elon-
gation. Finally, we propose that chromatin bookmarks have
a switchable, dual function that provides an explanation for
the correlation between early replication and transcriptional
activity in eukaryotes.

Materials and methods

Fly stocks

Drosophila melanogaster were maintained on standard
cornmeal-yeast medium at 25°C. Flies were transferred to
egg-laying cages 2-3 days before embryo collection for exper-

iments. Fly lines used in this study are listed in Supplementary
Table S1.

Embryo mounting for live imaging

Embryos were collected from females in egg-laying cage onto
a grape juice agar plate with yeast paste, dechorionated with
40% bleach in a basket, washed with water, and then trans-
ferred to a new grape juice agar plate. Embryos were aligned,
glued to a coverslip, and then covered with halocarbon oil (1:1
mixture of halocarbon oil 27 and 700) for microscopy.

Spinning disk confocal microscopy

Imaging was performed on an Olympus IX70 microscope
equipped with PerkinElmer Ultraview Vox confocal system.
Movies of the hunchback transcriptional reporters were ac-
quired using a 60x/1.40 oil objective with the pixel binning
set to 1 x 1, while all other movies were acquired using a
100x/1.40 oil objective with the pixel binning set to 2 x 2.
Data were acquired using Volocity 6 software (Quorum Tech-
nologies). Z-stacks were recorded with a 0.5-um step size
at each time point. Fluorophores were excited with 488 and
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561 nm laser lines. Appropriate emission filters were used ex-
cept when performing two-color imaging of mKate2-Brd4 and
Cdc7-EGFP, which exhibited low fluorescent intensity and re-
quired fast frame rate. For these cases, the “fast sequential”
mode was used to skip emission filters, and care was taken
to make sure that there was negligible bleed. Images in the
same set of experiments were acquired using the same config-
uration, and laser power was calibrated using a laser power
meter (Thorlabs) before each imaging session.

Microinjection

Once glued to the coverslip, embryos were slightly dehydrated
in a desiccation chamber for 7-9 min before being covered
in halocarbon oil and subjected to microinjection. JQ1 (ab-
cam, #146612) supplied as 10 mM solution in dimethyl sul-
foxide (DMSO) was diluted fresh with water to 0.1 mM for
injection. x-amanitin (Sigma—Aldrich, #A2263) was dissolved
in water and injected at 0.5 mg/ml. XL413 (Sigma—Aldrich,
#SML1401) was dissolved in water at 5 mg/ml as stock so-
lution and diluted fresh to 0.5 mg/ml for injection. Enhanced
cyan fluorescent protein fused to Geminin (ECFP-Geminin)
was prepared as previously described [35] and injected at
20 mg/ml in 40 mM HEPES (pH 7.4), 150 mM KCI buffer.
To inject XL413 precisely during mitosis, live confocal mi-
croscopy was used for staging. When the embryo entered mi-
tosis, the entire slide was removed from the microscope for in-
jection on an adjacent station and returned for imaging within
2-3 min.

Pulse labeling of Cy5-dUTP

For pulse labeling of early-replicating DNA, a pool of un-
synchronized embryos were injected with 0.1 mM Cy5-dUTP
(Sigma—Aldrich, #GEPAS55022), incubated for 3 min, and then
recovered for fixation as described [11]. Briefly, embryos were
washed off the glue by heptane, fixed by a 1:1 mixture of hep-
tane and 37% formaldehyde, and dehydrated by methanol.
Embryos were transferred with glass pipette onto a nylon
mesh, washed with phosphate-buffered saline, and transferred
onto a strip of double-sided tape in a glass dish. A dissect-
ing probe was used to gently roll the embryos on the tape to
remove the vitelline membrane, and then PBST (0.3% tween
20) was used to transfer the embryos to a 0.5-ml tube. Em-
bryos were further washed with PBST for 15 min twice and
mounted for imaging. Those embryos that just entered S phase
were identified by the relatively compact chromatin and small
nuclear size. Given that mitosis in the early embryo takes ~5
min, labeling of late-replicating sequences from the previous
cycle was effectively prevented.

For labeling that excludes early-replicating DNA, sfGFP-
Brd4 embryos were staged by confocal microscopy, and the
slide was removed once an embryo entered anaphase in cy-
cle 12. Approximately 5 min later (~3 min into S phase 13),
the staged embryo was injected with 0.01 mM Cy5-dUTP and
then incubated until mitosis 13 for live imaging. Control em-
bryos were removed at the onset of mitosis 12 and then in-
jected immediately afterward, prior to S phase 13.

Fly crosses for germline RNAi experiments

To generate females for embryo collection in the CBP RNAi
experiments, we first set up the following PO cross: w, mKate2-
Brd4, Cdc7-EGFP; UASp-shRNA (females) x w, mKate2-
Brd4, Cdc7-EGFP; Mat-tub-Gal4 (males). The resulting F1
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progeny expressed the shRNA targeting white (control) or
CBP in the female germline under the control of Mat-tub-
Gal4. The progeny were crossed with their siblings and trans-
ferred to egg-laying cages for embryo collection. To increase
the Gal4/UASp induction of shRNA expression in the egg-
laying females, F1 progeny were grown at 27°C from larval
stage onward.

Fly crosses for imaging of hunchback
transcriptional reporters

The following crosses were set up to collect embryos for imag-
ing of transcriptional reporters.

1. w; EGFP-Rpb3; nos-MCP-mCherry (females) x hbP2-
MS2-lacZ (males)

2. w; nos-NLS-mCherry-PCP, His2Av-eBFP2/+; MCP-
GFP/+ (females) x hbP2-MS2-lacZ-PP7 (males)

Flies were crossed on standard medium for 2-3 days before
transferring to egg-laying cages. Females for Cross #2 were
collected from a separate cross between wild type and w; nos-
NLS-mCherry-PCP, His2 Av-eBFP2/CyO; MCP-GFP.

Molecular cloning and CRISPR-Cas9 genome
editing

To knock-in mKate2 at the N-terminus of endogenous
Brd4 (Fs(1)h), the mKate2 DNA fragment (optimized with
Drosophila codons) was synthesized by Integrated DNA
Technologies (IA) and used to replace the sfGFP sequence
in the donor plasmid for sfGEP-Brd4 by Gibson assem-
bly. The single guide RNA (sgRNA)-expressing and donor
plasmids were sent to Rainbow Transgenic Flies (Camarillo,
CA) for microinjection. After injection, surviving adults were
crossed to yw, N/FM7c¢ balancer flies and screened by poly-
merase chain reaction for successful knock-in. Transformants
were backcrossed with wild-type flies at least three times
before performing experiments. The knock-in of mNeon-
Green at the N-terminus of endogenous CBP (nejire) was
designed and performed by WellGenetics (Taiwan). Briefly,
the mNeonGreen-loxP-3xP3-RFP-loxP cassette was first in-
serted by CRISPR-Cas9 using sgRNA targeting the 5’ end
of CBP (5'-AGACGAACCGCCCCAAAAGC-3'), followed by
Cre-mediated excision through genetic crossing. A linker pep-
tide (RSITSYNVCYTKLSAS) was left between mNeonGreen
and CBP.

Image processing and presentation

Data acquired in Volocity were exported as TIFF files and
further processed using FIJI/Image]. Z-stack images were first
converted to maximal intensity projections, followed by back-
ground subtraction using a rolling-ball radius of 50 pixels. Re-
gions containing nuclei located within the Z-stack (excluding
peripheral ones) were cropped for downstream analysis. Fig-
ures show data of one representative experiment from at least
three independent replicates.

Image analysis

Analysis was performed using custom FIJI macros and Python
scripts, using standard and open-sourced libraries including
SciPy, NumPy, scikit-image, Trackpy, and napari [36-40].
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Quantification of mKate2-Brd4 and Cdc7-EGFP movies

Binary masks for mitotic chromosomes and interphase nu-
clei were generated by summing the fluorescence intensities
from both channels followed by Gaussian blurring. To reduce
the impact of bright foci on segmentation, intensities above
a manually determined threshold were replaced with a lower
constant value. Segmentation was then achieved using Otsu’s
thresholding method. For comparing the dynamics between
nuclear cycles in untreated embryos, the mean and variance of
mKate2-Brd4 and Cdc7-EGFP fluorescence intensities within
the combined mask area were computed at each time point.
To compare dynamics between treatments, fluorescence inten-
sities were measured within individual nuclei, and data were
pooled from multiple embryos for analysis.

Quantification of EGFP-Rpb3 and MCP-mCherry movies

Binary masks for the nuclei were generated using EGFP-Rpb3
signals. The especially bright signals at HLBs were reduced by
replacing intensities above a specified threshold with a lower
constant value, followed by Gaussian blurring to smooth the
images. Initial segmentation was achieved using Otsu’s thresh-
olding method, and the nuclear masks were dilated to cap-
ture MCP foci at the periphery. A watershed transformation
was applied to separate touching nuclei, and a final filter-
ing step removed small nuclei (touching the top or bottom
of Z-stacks) and those touching X-Y borders. Nuclei were
tracked using the tracky package, and only the nuclei detected
across all frames were retained for analysis. MCP foci were de-
tected using the Laplacian of Gaussian method. Segmentation
and tracking results were visualized in a napari viewer and
manually corrected if necessary. MCP states (ON and OFF)
were then determined based on the presence of MCP foci in
each nucleus, and state transitions were tracked over time.
Cumulative counts of nuclei undergoing each transition were
calculated.

Analysis of MCP-GFP and mCherry-PCP movies

Transcriptional foci were identified using MCP-GFP signals.
Images were first smoothened by Gaussian blurring, and then
spots were detected using the difference of Gaussians method.
Because the PCP signal often shows a slight displacement from
the associated MCP focus, we quantified both signals by mea-
suring the mean fluorescence intensity within a large 17 x 17-
pixel square centered on each MCP spot. The detected spots
were tracked across frames using the trackpy package, allow-
ing a maximum gap of 5 frames. Tracks that appeared for
only a single frame or touched the X-Y borders of the im-
age were discarded. The remaining tracks were sorted based
on their time of first appearance in the movie and their total
PCP intensity. Montage images were created by cropping a 17
x 17-pixel square region around each spot in both channels
and arranging the images in rows according to tracks and in
columns according to time.

Statistics and reproducibility

All experiments were repeated at least three times with simi-
lar outcomes, and representative images are shown in the fig-
ures. Two-tailed Mann—Whitney U tests were performed in R
(v.3.2.1), followed by Bonferroni correction for multiple com-
parisons. A value of P < .05 was considered statistically sig-
nificant. Additional details can be found in the corresponding
figure legends.

Results

Brd4 bookmarks coincide with early replication

We investigated the role of Brd4 mitotic bookmarks in early
Drosophila embryos (Fig. 1A). Following their formation in
S phase 12, both the minor Brd4 clusters and the dominant
clusters at HLBs persist into mitosis with apparent intensifi-
cation (Fig. 1B). The dominant Brd4 clusters are positioned
near the leading edge of anaphase chromosomes (Fig. 1B, ar-
rows), consistent with the pericentric position of HLBs and a
previous report [41]. At the onset of S phase 13, Brd4 clus-
ters rapidly disperse, well before RNA polymerase II clusters
appear (Fig. 1B, the 14:40 frame). Although Brd4 clusters do
not persist long enough into cycle 13 to directly promote tran-
scription, they temporally overlap the recruitment of upstream
replication factors, including Orc2, a component of the repli-
cation licensing system, and the MCM complex, a core com-
ponent of the pre-replication complex (pre-RC), during early
and late anaphase, respectively [42, 43].

To assess whether Brd4 bookmarks influence replication,
we performed two-color live imaging with sfGFP-tagged
Brd4 and mCherry-tagged proliferating cell nuclear antigen
(PCNA), a replication fork component that marks replicat-
ing loci [12, 44], during the transition from mitosis 12 to
S phase 13 (Supplementary Fig. S1A). We observed that mi-
totic Brd4 clusters began dispersing as the mCherry-PCNA
signal appeared in the nucleus at the onset of S phase, with all
Brd4 clusters disappearing within 30 s. Genomic regions asso-
ciated with the large HLB-associated Brd4 clusters recruited
PCNA faster, resulting in one or two discernible mCherry-
PCNA foci in each nucleus about one minute into S phase
(Supplementary Fig. S1A and B).

To directly test for early replication, we labeled and visual-
ized the earliest replicating DNA in cycles 11-14 by injecting
Cy5-dUTP. This revealed foci that were particularly evident in
cycles 13 and 14 (Supplementary Fig. S2A), including promi-
nent foci that resembled HLBs as well as other minor foci. To
further examine the correlation between Brd4 bookmarks and
early replication, we injected Cy5-dUTP into embryos ~3 min
after the onset of S phase 13 and subsequently visualized the
incorporated nucleotide on condensed chromosomes during
mitosis 13. In these embryos, histone loci marked by domi-
nant Brd4 clusters lacked detectable Cy5-dUTP signal, indi-
cating that their replication had been completed before the
labeling window (Supplementary Fig. S2B). These results doc-
ument the emergence of early-replicating regions and suggest
that these correspond to Brd4-bookmarked regions, particu-
larly the replication-dependent histone genes.

Since the Brd4 bookmarks disperse early in interphase be-
fore we can assess newly replicated DNA, we sought a marker
of replication initiation that might overlap the Brd4 book-
marks. To this end, we visualized the localization of Cdc7,
the catalytic subunit of Dbf4-dependent kinase (DDK) es-
sential for activating pre-RCs. We previously found that en-
dogenously EGFP-tagged Cdc7 begins binding to chromo-
somes during telophase [45], consistent with its upstream role
in initiating replication. Live imaging of mKate2-Brd4 and
Cdc7-EGFP showed that Cdc7 rapidly accumulated at HLB-
associated Brd4 clusters, alongside transient smaller foci and
a weaker and diffuse association across chromosomes in late
anaphase (Fig. 1C). Within one minute of entering S phase
13, both Brd4 and Cdc7 clusters dispersed and became uni-
formly distributed in the nucleus. These findings show that a
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Figure 1. Cdc7-enriched early-replicating hubs emerge concomitantly with the minor wave of zygotic transcription. (A) Schematic of early
embryogenesis in Drosophila. Following fertilization, the embryo undergoes 13 cycles of synchronous nuclear division cycles, alternating between S
phase and M phase (mitosis) without gap phases. A minor wave of zygotic transcription occurs during cycles 8-13, overlapping the short S phases. DNA
replication precedes the onset of transcription after each mitosis, potentially mitigating transcription-replication conflicts during these cycles. The
temporal program of DNA replication progressively lengthens from cycle 8 to cycle 13 and is significantly extended in cycle 14, raising the question of
how replication and transcription maintain coordination. (B) Representative stills from live imaging of endogenously tagged mCherry-Rpb1, a subunit of
RNA polymerase Il (RNAPII), and sfGFP-Brd4 in embryos transitioning from early S phase 12 into early S phase 13. The two large RNAPII clusters mark
HLBs (arrows), which are assembled at the HisC locus encoding ~100 copies of replication-dependent histone gene array. Brd4 is highly enriched at the
HisC loci during mitosis 12 and disperses rapidly upon entering S phase 13. (C) Representative stills from live imaging of endogenously tagged
mKate2-Brd4 and Cdc7-EGFP in embryos transitioning from mitosis 12 into S phase 13. The S-phase kinase Cdc7 abruptly and transiently forms
co-clusters with Brd4 at the HisC loci during entry into S phase 13. (D) Representative stills from live imaging of mKate2-Brd4 and Cdc7-EGFP during the
transitions from M phase into S phase in successive cycles. All images are maximal projections. Relative time is indicated in minute:second. All scale
bars, 5 um. (E) The temporal peak of either mean or variance of intensities for fluorescently tagged Brd4 or Cdc7 in the nucleus during entry into S
phase of indicated nuclear division cycles (NC). Error bars represent SEM, n = 6 embryos. a.u., arbitrary unit.

replication initiation factor is transiently enriched at genomic  to sites marked by Brd4, which subsequently undergo early
regions bookmarked by Brd4 at the entry into S phase. We re- replication.

fer to the Brd4-Cdc7 co-clusters as “early-replicating hubs.”

Notably, we occasionally observed asynchrony in Cdc7 re-

cruitment and dispersal between homologous HLBs within Bookmarks and early-replicating hubs change with
the same nucleus (Fig. 1C), with the slower locus lagging developmental progression

by less than the 20-s frame interval. This asynchrony indi-  To investigate developmental regulation, we tracked the dy-
cates a lack of temporal coupling between the events at allelic namics of Brd4 and Cdc7 recruitment during successive nu-
sites. clear division cycles (Fig. 1D). We focused on the period of

These observations support a model that, during late mi- initial Cdc7 recruitment, spanning the end of mitosis and the

tosis and before the onset of S phase, Cdc7 is recruited  beginning of S phase. From NC11 to NC13, mitotically trans-



6 Cho and O’Farrell

mitted Brd4 bookmarks became increasingly prominent, ac-
companied by intensification of Cdc7 foci at S-phase entry
(Fig. 1D).

To quantify these changes, we calculated the mean nuclear
intensity and the variance of nuclear intensity during the 2-
min window following Cdc7 recruitment (Supplementary Fig.
S1C). We then extracted the temporal peaks of mean and vari-
ance from each cycle for both Brd4 and Cdc7 (Fig. 1E). From
NC11 to NC13, Brd4 increased in both the peak mean (re-
flecting nuclear abundance) and the peak variance of intensity
(reflecting local clustering), consistent with elevated acetyla-
tion levels during the minor wave of zygotic transcription. In
contrast, the peak mean intensity of Cdc7 progressively de-
creased, suggesting either degradation or titration of Cdc7.
However, in parallel with its decrease, the peak variance of
Cdc7 increased each cycle until NC13, indicating that recruit-
ment to foci remained strong as background levels declined.
This suggests that, as the maternal supply of Cdc7 becomes
limiting with increasing numbers of nuclei, targeted recruit-
ment helps distribute Cdc7 to selected loci and ensures early
replication. Interestingly, the trend reversed in NC14, where
Brd4 and Cdc7 decreased in both peak mean and variance.
This reversal may reflect an increase in early-replicating re-
gions that compete for available Brd4 and Cdc7, ahead of the
major wave of zygotic transcription in NC14.

Previous work documented the developmental onset of late
replication mediated by the inhibitor Rif1 [12, 45]. The ob-
servations here suggest a parallel onset of early replication
of transcribed regions mediated by Cdc7. Notably, Rifl and
Cdc7 act in opposition to each other in a bistable switch [46],
indicating that their balanced activities may shape the global
replication-timing program during development.

CBP-dependent Brd4 bookmarks guide
early-replicating hub formation

Given the cell-cycle dynamics of Brd4 clusters (Fig. 1B and C),
we hypothesized that events promoting the de novo assembly
of transcriptional hubs during interphase of one cell cycle (e.g.
NC12) generate Brd4 clusters that persist through mitosis and
are subsequently converted by Cdc7 recruitment into early-
replicating hubs in the next cell cycle (e.g. NC13). To test this,
we examined whether this cascade depends on CBP, the ma-
jor lysine acetyltransferase responsible for establishing Brd4
clusters [31].

We first characterized the distribution of endogenously
tagged CBP (Fig. 2A and B). During interphase 12, minor foci
of mNeonGreen-CBP appeared in a uniform nuclear back-
ground, along with enrichment at HLBs evident in late S
phase. Upon entry into mitosis 12, CBP dissociated from the
chromatin, with the HLB-associated signals disappearing by
metaphase. After metaphase, CBP briefly localized to the cen-
trosomes before returning to the nucleus shortly after entry
into S phase 13 (Supplementary Fig. S3A). Thus, although
CBP is required for the establishment of Brd4 clusters [31],
it does not maintain an association with these clusters during
mitosis.

We then examined functional dependency. We used mater-
nally expressed shRNA to knockdown CBP in early embryos.
As previously reported [31], after CBP knockdown, Brd4 clus-
ters on metaphase chromosomes in cycle 12 largely disap-
peared, although weak and uniform binding to anaphase chro-
mosomes still persisted (Fig. 2C and Supplementary Fig. S3C).

In addition, CBP depletion delayed nuclear recruitment and
abolished the enrichment of Cdc7 at HLBs at the onset of S
phase 13 (Fig. 2C and Supplementary Fig. S3C-E). These re-
sults support the model that CBP activity operates in one cell
cycle to establish bookmarks visualized as Brd4 clusters that
persist through the subsequent mitosis and mark the recruit-
ment of Cdc7.

Next, we tested whether Brd4 is required for Cdc7 recruit-
ment. We injected the small-molecule inhibitor JQ1 to displace
Brd4 from chromatin (Fig. 2C) [47]. Loss of Brd4 from mitotic
chromosomes delayed the initial nuclear recruitment of Cdc7
and abolished its enrichment at HLBs at entry into S phase
(Fig. 2C and Supplementary Fig. S3B-E). Thus, in addition
to its role in the formation of transcriptional hubs in S phase
[31], Brd4 is required for the formation of early-replicating
hubs at selected loci that recruit Cdc7 at the end of mitosis.

Finally, we asked whether active transcription in earlier
cell cycles promotes Brd4 bookmarking. Inhibiting transcrip-
tion by «-amanitin from cycle 9 to cycle 12 neither reduced
Brd4 bookmarking nor blocked Cdc7 enrichment in cycle 13
(Fig. 2C). These findings demonstrate that Brd4 mitotic book-
marks form independently of active transcription and align
with previous studies showing that Brd4 recruitment to tran-
scriptional hubs precedes transcription initiation [31].

We conclude that CBP, likely by increasing de novo chro-
matin acetylation at active genes, establishes Brd4 mitotic
bookmarks that subsequently facilitate the rapid recruitment
of Cdc7 kinase prior to the onset of S phase, providing one
mechanism that links transcriptional activation in one cycle
to early replication in the next.

Cdc7 activity and the ephemeral existence of
early-replication hubs

Given that the replication licensing mechanism limits repli-
cation to once and only once per cell cycle, early-replicating
hubs would not be able to trigger a second round of replica-
tion in the same cycle. However, if localized Brd4 persistently
promoted transcription, it would clash with the locally in-
duced replication. Consequently, the subsequent fate of early-
replicating hubs is important. As shown above, Brd4-Cdc7 co-
clusters disperse within a minute after emergence (Fig. 1C). We
hypothesized that localized Cdc7 activity, or a downstream
event such as replication initiation, triggers their disassem-
bly. To test this, we injected embryos with the Cdc7 inhibitor
XL413 (Cdc7i) and used live imaging to examine the effect on
early-replicating hubs during entry into S phase 13 (Fig. 3A
and B, and Supplementary Fig. S4A).

In control embryos injected with water, Cdc7-EGFP formed
prominent co-clusters with the mKate2-Brd4 at HLBs at the
beginning of S phase (Fig. 3B, left; and Supplementary Fig.
S4A). In contrast, Cdc7i injection largely disrupted targeted
Cdc7 recruitment, resulting in a near-uniform localization of
Cdc7 in the nucleus, despite the presence of Brd4 bookmarks
(Fig. 3B, left; and Supplementary Fig. S4A). This shows that
Cdc7 activity contributes to its targeted recruitment to Brd4-
bookmarked regions, suggesting a positive feedback loop po-
tentially generating a switch-like behavior. Stochastic transi-
tion of such a switch could explain the slight asynchrony in
Cdc7 recruitment between homologous HLBs.

Additionally, Brd4 bookmarks persisted longer in Cdc7i-
injected embryos compared to the rapid dispersal in control
embryos (Fig. 3B, right; and Supplementary Fig. S4A). While
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reduced, a low level of localized Cdc7 persisted at Brd4 clus-
ters in these inhibitor-injected embryos. This low level of lo-
calized Cdc7 persisted beyond that in control embryos (Fig.
3B, right; Supplementary Fig. S4A). Using maximal fluores-
cent intensity as a proxy for protein clustering, we confirmed
a decrease in initial Cdc7 enrichment, along with prolonged
presence of Brd4 and Cdc7 clusters in Cdc7i-injected embryos
(Fig. 3B). These findings suggest that Cdc7 activity plays a dual
role in early-replicating hubs: initially facilitating its own re-
cruitment to Brd4-bookmarked regions to form hubs and sub-
sequently promoting hub disassembly marked by rapid disper-
sal of both Brd4 and Cdc7 foci.

Given the known role of Brd4 in recruiting RNAPII and
promoting transcription [31], we wondered whether persist-
ing Brd4 bookmarks in Cdc7i-injected embryos were asso-
ciated with premature RNAPII recruitment. To test this, we
injected Cdc7i into embryos expressing sfGFP-tagged Brd4
and mCherry-tagged Rpb1 (the largest subunit of RNAPII)
and performed live imaging during S phase 13. In control
embryos, Brd4 bookmarks dispersed completely by 1 min af-
ter S-phase entry but began to re-emerge at 2 min, followed
by RNAPII recruitment to HLBs (Fig. 3C). In Cdc7i-injected

embryos with persisting Brd4 bookmarks, RNAPII clusters
emerged earlier, within 2 min. Repeating this experiment in
embryos expressing mCherry-PCNA confirmed that Cdc7i
blocked the formation of early PCNA foci while advancing
the recruitment of RNAPII to HLBs (Supplementary Fig. S4B).
Despite advanced recruitment, RNAPII levels at HLBs did
not reach those observed in control embryos later in S phase
(Supplementary Fig. S4C), possibly due to underreplicated
DNA templates or conflicts between transcription and repli-
cation machinery.

We conclude that Cdc7 activity promotes timely removal
of Brd4 bookmarks and the disassembly of early-replicating
hubs. This chromatin resetting delays RNAPII recruitment,
ensuring the coordination such that the onset of transcription
follows the onset of replication.

Cdc7 coordinates transcriptional states with
S-phase entry

We previously reported that DNA replication is essential for
transcriptional hub formation and the onset of transcription
in NC12 [11]. This contrasts with the above data suggest-
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ing that an inhibitor of DNA replication, Cdc7i, advances
RNAPII recruitment in NC13. Given the finding that inhi-
bition of Cdc7 stabilizes pre-existing Brd4 clusters, we hy-
pothesized that abnormal retention of Brd4 bypassed the need
for de novo transcriptional hub formation, and that this by-
pass predominated in cycles 13 and 14. To explore this, we
re-examined the effects of replication inhibitors on RNAPII
dynamics during successive nuclear cycles (Fig. 4A).

First, to see whether the change in response to Cdc7 inhi-
bition reflected a general change in the coupling of transcrip-
tion to replication, we injected Geminin into NC13 embryos
to block origin licensing with a resulting block to replication
in NC14. This treatment strongly inhibited RNAPII recruit-
ment to HLBs in NC14 (Supplementary Fig. SSA), consistent
with the effects observed in NC12 and NC13 [11]. Based on
the known action of Geminin in blocking pre-RC formation
and thus replication, we suggest that this is consistent with
a coupling of transcription to replication, although it is pos-
sible that Geminin acts via a different route to inhibit RNA
polymerase recruitment.

Next, we confirmed our previous finding that Cdc7i injec-
tion strongly delayed the recruitment of RNAPII to histone
genes during NC12, resulting in significantly smaller HLB-

associated RNAPII clusters that only formed in late S phase
(Fig. 4B) [11]. However, in both NC13 and NC14, Cdc7i in-
jection advanced RNAPII recruitment, leading to more promi-
nent HLBs at 2 min into S phase compared to control embryos
(Fig. 4B). These prematurely recruited RNAPII clusters were
unstable and diminished rapidly within 5 min, whereas those
RNAPII clusters in control embryos continued to grow sub-
stantially (Fig. 4B). These results suggest that Cdc7 has multi-
ple roles in coordinating transcription and replication: fulfill-
ing a requirement for de novo transcriptional hub assembly
in earlier cycles, while preventing the premature RNAPII re-
cruitment to persisting bookmarks in later cycles.

Given the premature but unstable recruitment of RNAPII
to histone genes upon inhibition of Cdc7, we next examined
how Cdc7 inhibition impacts the onset of transcription. For
this live-imaging analysis, we used a hunchback (hb) transcrip-
tional reporter gene [10], which is broadly expressed in the an-
terior half of the embryo from NC9 onward. We used embryos
maternally expressing MCP-mCherry and carrying a hbP2-
MS2-lacZ construct. In control embryos, MCP foci appeared
in all nuclei in the anterior domain, and the majority of these
foci persisted stably (Fig. 4C). Injection of Cdc7i led to irregu-
larities in both the activation of expression and an instability
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in the maintenance of expression. These irregularities became
more predominant as S-phase duration increased in successive
NCs (Fig. 4C). In some nuclei, faint MCP foci appeared and
then disappeared within 2 min (Supplementary Fig. S5B). To
quantify these effects, we measured the cumulative percent-
age of nuclei in which MCP foci appeared, as well as those in
which MCP foci appeared and subsequently disappeared after
entering S phase (Fig. 4D). In control embryos, MCP foci ap-
peared synchronously within 5 min after each mitosis, and the
majority of them persisted throughout the imaging window.
In Cdc7i-injected embryos, MCP foci appeared more slowly,
and an increased number of them disappeared early. Because
the MS2 cassette is inserted in the S'UTR of this reporter, this
short lifetime suggests either a reduced transcriptional burst
size or premature transcript abortion upon Cdc7i injection.

We conclude that Cdc7 kinase activity delays RNAPII re-
cruitment in later cycles, contributes to the replication-first or-
dering, and stabilizes transcriptional state potentially through
minimizing collisions.

Early Cdc7 activity safeguards transcriptional
elongation

To further investigate the cause of premature transcriptional
termination in Cdc7i-injected embryos, we used a modified
hunchback transcriptional reporter construct containing MS2
repeats in the 5’UTR and PP7 repeats in the 3’UTR [48]. This
dual labeling allowed us to monitor both transcriptional ini-
tiation and elongation in real time (Fig. SA).

In control NC14 embryos, MCP foci marking the 5’ MS2
repeats appeared synchronously, consistent with rapid on-
set of transcription (Fig. 5B). These MCP foci were soon
joined by PCP foci marking the 3’ PP7 repeats after 3-
4 min, indicating normal transcript elongation. In contrast,
Cdc7i-injected NC14 embryos displayed a range of transcrip-
tional defects, including delayed onset of transcription, re-
duced transcript levels, and impaired elongation (Fig. 5C and
Supplementary Fig. S6). Specifically, we observed the follow-
ing defects with regard to elongation: (i) transient MCP foci
that disappeared without acquiring PCP foci (track 9); (ii) un-
stable MCP foci that fluctuated in intensity but did not acquire
PCP foci (track 3); (iii) stable MCP foci that acquired PCP
with a delay and at lower levels (track 17); and (iv) stable
MCP foci that never acquired PCP throughout live imaging
(track 22). Notably, we did not observe a clear relationship
between the severity of defects and the distance from the in-
jection site (Supplementary Fig. S6A), suggesting that the vari-
ability in response was not due to local differences in Cdc7i
concentration. Since Cdc7i only reduces the probability of pre-
RC activation without completely inhibiting it, the stochastic
nature of active replication fork production could result in the
observed heterogeneity in transcription defects.

To further assess the impact of Cdc7 inhibition on tran-
script dynamics, we quantified the cumulative intensities of
MCP-GFP and PCP-mCherry at individual transcriptional
spots. As shown in Fig. 5D, MCP and PCP intensities were
positively correlated in control embryos, consistent with nor-
mal transcriptional elongation. In contrast, both signals were
reduced in Cdc7i-treated embryos, with PCP intensities in par-
ticular reaching an apparent plateau, resulting in a skewed
distribution. This further supports that transcriptional elon-
gation is prematurely terminated upon inhibition of Cdc7
activity.

We conclude that Cdc7 activity, likely by advancing local
onset of replication, coordinates replication and transcription
to avoid collisions that disrupt transcriptional elongation as
the duration of S phase increases in the last two syncytial cy-
cles (NC13 and NC14).

Discussion

How cells coordinate transcription and replication to pre-
vent conflicts remains an open question, with broad implica-
tions for genome integrity. In previous work, we proposed a
collision-avoidance mechanism in early Drosophila embryos,
wherein transcription occurs only on newly replicated DNA
during each S phase, allowing transcripts to elongate be-
hind replication forks unimpeded [11]. This “replication-first”
strategy was shown to be enforced in cycle 12 by making the
onset of transcription dependent on replication. Accompany-
ing developmental changes in the cell cycle, particularly the
lengthening of S phase, a second mechanism comes into play
in cycle 13 to reinforce the temporal ordering (Fig. 6). This
mechanism is based on the control of replication timing by
a mitotic bookmark at transcriptionally activated genes. By
advancing the replication of these regions, the bookmark pre-
pares the region for subsequent transcription without the risk
of collisions.

We show that the chromatin reader Brd4, in addition to
forming transcriptional hubs in S phase 12 [31], contributes
to bookmarking activated genes during mitosis 12 (Fig. 6).
Toward the end of mitosis and the onset of S phase 13, the
replication initiation factor Cdc7 is recruited to Brd4-marked
loci, repurposing the bookmark to stimulate early replication
rather than transcription (Fig. 6). This localized recruitment of
Cdc7, promoted by Brd4 either directly or indirectly, in turn
triggers the dispersal of Brd4 bookmark. Thus, Cdc7 both
promotes local DNA replication and prevents bookmark-
dependent transcription in the new cycle. As a result, tran-
scription is delayed until the assembly of a new transcriptional
hub, allowing reprogramming by transcription factors and en-
suring that transcription follows replication. These findings
reveal that embryos introduce additional measures to tempo-
rally order replication and transcription as development pro-
gresses and cell-cycle regulation matures, ensuring the avoid-
ance of collisions.

Mitotic bookmarking of selected loci by transcription fac-
tors or chromatin regulators has been associated with rapid
transcriptional reactivation in a subsequent cell cycle [30]. In
this study, we uncover an additional role for mitotic book-
marks in promoting early replication of bookmarked loci in
embryonic cycles that lack a G1. Notably, Drosophila em-
bryos exhibit transcriptional memory [49, 50], in which re-
porter genes stochastically expressed in one cycle tend to be
reactivated more rapidly in subsequent cycles. Our findings
herein suggest that this transcriptional memory may arise in-
directly from advanced replication timing. That is, by accel-
erating replication of transcriptionally active regions, book-
marks indirectly establish an early competence for collision-
free transcription upon mitotic exit.

Since the Brd4 mitotic bookmark is bifunctional, it seem-
ingly has the potential to activate both replication and tran-
scription at the same time and induce collisions. To avoid this,
the bookmark must maintain exclusivity, such that trigger-
ing replication is accompanied by inhibiting transcription, and
vice versa, so that it never does both at the same time. In part,
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this exclusivity appears to be due to a dual action of Cdc7:
the recruitment of Cdc7 to the Brd4 bookmark both activates
pre-RCs to promote early replication and disperses the Brd4
bookmark to prevent immediate transcription. However, new
transcriptional hubs are built about 2 min later. What prevents
the newly acquired Brd4 bookmark from activating replica-
tion as well as transcription? We suggest that the replication
licensing system prevents the new bookmark from reactivating
replication. DNA replication is regulated so that all sequences
replicate once and only once in a typical cell cycle. The li-
cense to replicate requires the assembly of the pre-RC during
cell-cycle stages in which kinases activating the pre-RC are
low (anaphase in the case of early nuclear cycles of syncytial
Drosophila embryo). Following licensing, replication only oc-
curs after the activation of pre-RCs by S-phase kinases. Once
activated, pre-RCs cannot reform until the passage of another
cell cycle. When a new Brd4 bookmark is deposited on al-
ready replicated DNA, it cannot promote replication without
the formation of a new pre-RC, and thus it is limited to pro-
moting transcription until re-licensing occurs during the next
mitosis in nuclear division cycles or in late G1 in more mature
cell cycles. In this way, the DNA licensing system further en-
forces the exclusivity of Brd4 bookmark function, which we
propose coordinates transcription and replication timing to
avoid collisions.

The cell cycle changes dramatically throughout embryoge-
nesis, with initial introduction of longer S phases followed by
the appearance of G2 and later G1. The regulatory mecha-
nism described herein, while apparently suitable for the short
S phases in early embryos, could also be relevant in more
mature cell cycles. In a typical cell cycle, DDK (Cdc7-Dbf4
complex) and S-phase CDKs are activated only at the G1-
S transition. Brd4 mitotic bookmarks may therefore persist
throughout G1 and promote transcription, and only upon S-
phase entry are they repurposed for replication initiation. Dur-
ing a longer S phase, sequential activation of Cdc7 at differ-
ent loci could transiently remove Brd4 bookmarks and repress
transcription just ahead of local replication, while delayed re-
assembly of transcriptional hubs ensures that transcription re-
sumes only after replication has completed. We have previ-

ously described the role of Cdc7 in establishing a replication-
timing program in Drosophila embryos [12, 45, 46]. In par-
ticular, an antagonistic interaction between Cdc7 and the pro-
tein phosphatase PP1, recruited by the inhibitor Rif1, forms a
bistable switch that regulates the late replication of satellite se-
quences [45,46]. We propose that such a switch may act glob-
ally to shape replication timing across the genome. Because the
role of Cdc7 in replication is evolutionarily conserved and the
association of gene activity with acetylation and early replica-
tion is widespread, we suggest that the interactions between
Brd4 and Cdc7 we described are likely to make contributions
to collision avoidance in many circumstances.

While we think it is likely that the mechanisms we un-
covered in the early embryo will have a general contribution
to collision avoidance, our current view of switching back
and forth between replication and transcription is incomplete.
Many other components are likely to contribute to a Cdc7-
mediated switch in Brd4 function from transcription to repli-
cation, and other mechanisms are likely to contribute to colli-
sion avoidance even in the embryo. Furthermore, the develop-
mental changes in the cell cycle are accompanied by increasing
complexity of many regulatory processes, and other contribu-
tions have been suggested. The spatial separation of transcrip-
tion and replication sites exists throughout the nucleus, even
within nucleoli [8, 51, 52]. Such a separation requires that
replication follows local shutoff of transcription with a delay
and that transcription resumes following replication with an-
other delay. While Cdc7 may play a role in this timing control,
numerous mechanisms have been suggested to contribute to
this type of coordination. Transcription can be transiently shut
down ahead of replication forks by a yet unclear mechanism
[6, 7], and stalled RNAPII may be removed by fork-associated
Integrator complexes [53]. Conversely, transcription can influ-
ence the position of replication initiation and progression of
replication of replication forks to minimize conflicts within
actively transcribed genes [54, 55]. Finally, replication fork
barriers, such as those in rDNA loci, help prevent replication
forks from invading transcribed regions [56]. Our findings ex-
pand this repertoire of strategies by showing how a mitotic
bookmark guides early replication to safeguard S-phase tran-



scription. Hopefully, the reported discovery of the peculiar
ability of Cdc7 to trigger a shutoff of transcription in con-
junction with activating replication will promote studies in
other contexts to define the contributions of this regulatory
switch to the processes averting the damage associated with
the “Achilles’ heel” of the central dogma.

Acknowledgements

Stocks obtained from the Bloomington Drosophila Stock Cen-
ter (NIH P400OD018537) were used in this study. We thank
Takashi Fukaya for sharing the fly lines to visualize nascent
transcripts containing 5" MS2 and 3’ PP7 repeats. We thank
Ekaterina Korotkevich and Robert J. Duronio for helpful
comments on the manuscript and Barbara Panning for dis-
cussion.

Author contributions: Chun-Yi Cho (Conceptualization
[equal], Formal analysis [equal], Investigation [equal],
Methodology [equal], Writing—original draft [equal],
Writing—review & editing [equal]) and Patrick H. O’Farrell
(Conceptualization [equal], Funding acquisition [equal],
Supervision [equal], Writing—review & editing [equal]).

Supplementary data
Supplementary data is available at NAR online.

Conflict of interest

None declared.

Funding

This work was supported by National Institutes of Health
grant R35GM136324 (to P.O’E.).

Data availability

Raw imaging data generated in this study have been deposited
at Zenodo (https://zenodo.org/records/13761202). Custom
code used for data analysis and visualization is available
on GitHub (https:/github.com/ccho3/bookmarking-DNA-
replication) and Zenodo (https://doi.org/10.5281/zenodo.
17574183). Any additional information is available from the
corresponding author upon request.

References

1. Goehring L, Huang TT, Smith DJ. Transcription—replication
conflicts as a source of genome instability. Annu Rev Genet
2023;57:157-79.
https://doi.org/10.1146/annurev-genet-080320-031523

2. Browning KR, Merrikh H. Replication—transcription conflicts: a
perpetual war on the chromosome. Annu Rev Biochem
2024;93:21-46.
https://doi.org/10.1146/annurev-biochem-030222-115809

3. Milano L, Gautam A, Caldecott KW. DNA damage and
transcription stress. Mol Cell 2024;84:70-9.
https://doi.org/10.1016/j.molcel.2023.11.014

4. Bedinger P, Hochstrasser M, Victor Jongeneel C et al. Properties of
the T4 bacteriophage DNA replication apparatus: the T4 dda
DNA helicase is required to pass a bound RNA polymerase
molecule. Cell 1983;34:115-23.
https://doi.org/10.1016/0092-8674(83)90141-1

10.

11.

12.

13.

14.

15.

16

17.

18.

19.

20.

21.

22.

23.

24.

Avoiding collisions on the DNA template 13

. Wu W, He JN, Lan M et al. Transcription-replication collisions

and chromosome fragility. Front Genet 2021;12:804547.
https://doi.org/10.3389/fgene.2021.804547

. Prescott DM, Kimball RF. Relation between RNA, DNA, and

protein syntheses in the replicating nucleus of Euplotes. Proc Natl
Acad Sci USA 1961;47:686-93.
https://doi.org/10.1073/pnas.47.5.686

. Tsirkas I, Dovrat D, Thangaraj M et al. Transcription-replication

coordination revealed in single live cells. Nucleic Acids Res
2022;50:2143-56. https://doi.org/10.1093/nar/gkac069

. Wei X, Samarabandu J, Devdhar RS et al. Segregation of

transcription and replication sites into higher order domains.
Science 1998;281:1502-5.
https://doi.org/10.1126/science.281.5382.1502

. Harrison MM, Marsh AJ, Rushlow CA. Setting the stage for

development: the maternal-to-zygotic transition in Drosophila.
Genetics 2023;225:iyad142.

Garcia HG, Tikhonov M, Lin A et al. Quantitative imaging of
transcription in living Drosophila embryos links polymerase
activity to patterning. Curr Biol 2013;23:2140-5.
https://doi.org/10.1016/j.cub.2013.08.054

Cho C-Y, Kemp JP, Duronio R] et al. Coordinating transcription
and replication to mitigate their conflicts in early Drosophila
embryos. Cell Rep 2022;41:111507.
https://doi.org/10.1016/j.celrep.2022.111507

Shermoen AW, McCleland ML, O’Farrell PH. Developmental
control of late replication and S phase length. Curr Biol
2010520:2067-77. https://doi.org/10.1016/j.cub.2010.10.021
Yuan K, Seller CA, Shermoen AW et al. Timing the Drosopbhila
mid-blastula transition: a cell cycle-centered view. Trends Genet
2016;32:496-507. https://doi.org/10.1016/).tig.2016.05.006
Marchal C, Sima J, Gilbert DM. Control of DNA replication
timing in the 3D genome. Nat Rev Mol Cell Biol 2019;20:721-37.
https://doi.org/10.1038/s41580-019-0162-y

Allis CD, Jenuwein T. The molecular hallmarks of epigenetic
control. Nat Rev Genet 2016;17:487-500.
https://doi.org/10.1038/nrg.2016.59

. Fujisawa T, Filippakopoulos P. Functions of

bromodomain-containing proteins and their roles in homeostasis
and cancer. Nat Rev Mol Cell Biol 2017;18:246-62.
https://doi.org/10.1038/nrm.2016.143

Chen Y-JC, Koutelou E, Dent SYR. Now open: evolving insights to
the roles of lysine acetylation in chromatin organization and
function. Mol Cell 2022;82:716-27.
https://doi.org/10.1016/j.molcel.2021.12.004

Jang MK, Mochizuki K, Zhou M et al. The bromodomain protein
Brd4 is a positive regulatory component of P-TEFb and stimulates
RNA polymerase II-dependent transcription. Mol Cell
2005;19:523-34. https://doi.org/10.1016/j.molcel.2005.06.027
Yang Z, Yik JHN, Chen R et al. Recruitment of P-TEFb for
stimulation of transcriptional elongation by the bromodomain
protein Brd4. Mol Cell 2005;19:535-45.
https://doi.org/10.1016/j.molcel.2005.06.029

Sansam CG, Pietrzak K, Majchrzycka B et al. A mechanism for
epigenetic control of DNA replication. Genes Dev 2018;32:224-9.
https://doi.org/10.1101/gad.306464.117

Wu T, Hou H, Dey A et al. Bromodomain protein BRD4 directs
mitotic cell division of mouse fibroblasts by inhibiting DNA
damage. iScience 2024;27:109797.
https://doi.org/10.1016/).isci.2024.109797

Kim JJ, Lee SY, Gong F et al. Systematic bromodomain protein
screens identify homologous recombination and R-loop
suppression pathways involved in genome integrity. Genes Dev
2019;33:1751-74. https://doi.org/10.1101/gad.331231.119
Edwards DS, Maganti R, Tanksley JP et al. BRD4 prevents R-loop
formation and transcription—replication conflicts by ensuring
efficient transcription elongation. Cell Rep 2020;32:108166.
https://doi.org/10.1016/j.celrep.2020.108166

Lam FC, Kong YW, Huang Q et al. BRD4 prevents the
accumulation of R-loops and protects against


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1429#supplementary-data
https://zenodo.org/records/13761202
https://github.com/ccho3/bookmarking-DNA-replication
https://doi.org/10.5281/zenodo.17574183
https://doi.org/10.1146/annurev-genet-080320-031523
https://doi.org/10.1146/annurev-biochem-030222-115809
https://doi.org/10.1016/j.molcel.2023.11.014
https://doi.org/10.1016/0092-8674(83)90141-1
https://doi.org/10.3389/fgene.2021.804547
https://doi.org/10.1073/pnas.47.5.686
https://doi.org/10.1093/nar/gkac069
https://doi.org/10.1126/science.281.5382.1502
https://doi.org/10.1016/j.cub.2013.08.054
https://doi.org/10.1016/j.celrep.2022.111507
https://doi.org/10.1016/j.cub.2010.10.021
https://doi.org/10.1016/j.tig.2016.05.006
https://doi.org/10.1038/s41580-019-0162-y
https://doi.org/10.1038/nrg.2016.59
https://doi.org/10.1038/nrm.2016.143
https://doi.org/10.1016/j.molcel.2021.12.004
https://doi.org/10.1016/j.molcel.2005.06.027
https://doi.org/10.1016/j.molcel.2005.06.029
https://doi.org/10.1101/gad.306464.117
https://doi.org/10.1016/j.isci.2024.109797
https://doi.org/10.1101/gad.331231.119
https://doi.org/10.1016/j.celrep.2020.108166

14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cho and O’Farrell

transcription-replication collision events and DNA damage. Nat
Commun 2020;11:4083.
https://doi.org/10.1038/s41467-020-17503-y

Festuccia N, Gonzalez I, Owens N et al. Mitotic bookmarking in
development and stem cells. Development 2017;144:3633-45.
https://doi.org/10.1242/dev.146522

Teves SS, An L, Hansen AS et al. A dynamic mode of mitotic
bookmarking by transcription factors. eLife 2016;5:22280.
https://doi.org/10.7554/eLife.22280

Zhu Z, Chen X, Guo A et al. Mitotic bookmarking by SWI/SNF
subunits. Nature 2023;618:180-7.
https://doi.org/10.1038/s41586-023-06085-6

Dey A, Chitsaz F, Abbasi A et al. The double bromodomain
protein Brd4 binds to acetylated chromatin during interphase and
mitosis. Proc Natl Acad Sci USA 2003;100:8758-63.
https://doi.org/10.1073/pnas.1433065100

Dey A, Nishiyama A, Karpova T et al. Brd4 marks select genes on
mitotic chromatin and directs postmitotic transcription. MBoC
2009;20:4899-909. https://doi.org/10.1091/mbc.e09-05-0380
Bellec M, Radulescu O, Lagha M. Remembering the past: mitotic
bookmarking in a developing embryo. Curr Opin Sys Biol
2018;11:41-9. https://doi.org/10.1016/j.coisb.2018.08.003

Cho C-Y, O’Farrell PH. Stepwise modifications of transcriptional
hubs link pioneer factor activity to a burst of transcription. Naz
Commun 2023;14:4848.
https://doi.org/10.1038/s41467-023-40485-6

Ciabrelli F, Rabbani L, Cardamone F et al. CBP and GenS drive
zygotic genome activation independently of their catalytic activity.
Sci Adv 2023;9:eadf2687. https://doi.org/10.1126/sciadv.adf2687
Marsh AJ, Pirogov S, Kaur Y et al. Catalytic-dependent and
independent functions of the histone acetyltransferase CBP
promote pioneer-factor-mediated zygotic genome activation. Mol
Cell 2025;85:2409-24.
https://doi.org/10.1016/j.molcel.2025.05.009

Geisler MS, Kemp JP, Duronio R]. Histone locus bodies: a
paradigm for how nuclear biomolecular condensates control cell
cycle regulated gene expression. Nucleus 2023;14:2293604.
https://doi.org/10.1080/19491034.2023.2293604

McCleland ML, Shermoen AW, O’Farrell PH. DNA replication
times the cell cycle and contributes to the mid-blastula transition
in Drosophila embryos. | Cell Biol 2009;187:7-14.
https://doi.org/10.1083/jcb.200906191

Nicholas S, Talley L, Grzegorz B et al. . napari: a
multi-dimensional image viewer for python. Zenodo 2019.
https://doi.org/10.5281/zenod0.3555620

Virtanen P, Gommers R, Oliphant TE e al. SciPy 1.0: fundamental
algorithms for scientific computing in Python. Nat Methods
2020;17:261-72. https://doi.org/10.1038/s41592-019-0686-2
Harris CR, Millman KJ, Van Der Walt SJ et al. Array
programming with NumPy. Nature 2020;585:357-62.
https://doi.org/10.1038/s41586-020-2649-2

Van Der Walt S, Schonberger JL, Nunez-Iglesias ] et al.
scikit-image: image processing in Python. Peer] 2014;2:¢453.
https://doi.org/10.7717/peerj.453

Crocker JC, Grier DG. Methods of digital video microscopy for
colloidal studies. | Colloid Interface Sci 1996;179:298-310.
https://doi.org/10.1006/jcis.1996.0217

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

5S.

56.

White AE, Burch BD, Yang X-C et al. Drosophila histone locus
bodies form by hierarchical recruitment of components. | Cell Biol
2011;193:677-94. https://doi.org/10.1083/jcb.201012077
Baldinger T, Gossen M. Binding of Drosophila Orc proteins to
anaphase chromosomes requires cessation of mitotic
cyclin-dependent kinase activity. Mol Cell Biol 2009;29:140-9.
https://doi.org/10.1128/MCB.00981-08

Su TT, O’Farrell PH. Chromosome association of
minichromosome maintenance proteins in Drosophila mitotic
cycles. | Cell Biol 1997;139:13-21.
https://doi.org/10.1083/jcb.139.1.13

Choe KN, Moldovan G-L. Forging ahead through darkness:
PCNA, still the principal conductor at the replication fork. Mol
Cell 2017;65:380-92.
https://doi.org/10.1016/j.molcel.2016.12.020

Seller CA, O’Farrell PH. Rif1 prolongs the embryonic S phase at
the Drosophila mid-blastula transition. PLOS Biol
2018;16:€2005687. https://doi.org/10.1371/journal.pbio.2005687
Cho C-Y, Seller CA, O’Farrell PH. Temporal control of late
replication and coordination of origin firing by self-stabilizing
Rif1-PP1 hubs in Drosopbhila. Proc Natl Acad Sci USA
2022;119:€2200780119.
https://doi.org/10.1073/pnas.2200780119

Filippakopoulos P, Qi J, Picaud S et al. Selective inhibition of BET
bromodomains. Nature 2010;468:1067-73.
https://doi.org/10.1038/nature09504

Fukaya T, Lim B, Levine M. Rapid rates of Pol II elongation in the
Drosophila embryo. Curr Biol 2017;27:1387-91.
https://doi.org/10.1016/j.cub.2017.03.069

Bellec M, Dufourt J, Hunt G et al. The control of transcriptional
memory by stable mitotic bookmarking. Nat Commun
2022;13:1176. https://doi.org/10.1038/s41467-022-28855-y
Ferraro T, Esposito E, Mancini L et al. Transcriptional memory in
the Drosophila embryo. Curr Biol 2016;26:212-8.
https://doi.org/10.1016/j.cub.2015.11.058

Dimitrova DS. DNA replication initiation patterns and spatial
dynamics of the human ribosomal RNA gene loci. | Cell Sci
2011;124:2743-52. https://doi.org/10.1242/jcs.082230

Smirnov E, Borkovec J, Kovéacik L ez al. Separation of replication
and transcription domains in nucleoli. | Struct Biol
2014;188:259-66. https://doi.org/10.1016/j.jsb.2014.10.001
Bhowmick R, Mehta KPM, Lerdrup M et al. Integrator facilitates
RNAPII removal to prevent transcription—replication collisions
and genome instability. Mol Cell 2023;83:2357-66.
https://doi.org/10.1016/j.molcel.2023.05.015¢8.

. Wang J, Rojas P, Mao ] et al. Persistence of RNA transcription

during DNA replication delays duplication of transcription start
sites until G2/M. Cell Rep 2021;34:108759.
https://doi.org/10.1016/j.celrep.2021.108759

Liu Y, Ai C, Gan T et al. Transcription shapes DNA replication
initiation to preserve genome integrity. Genome Biol 2021;22:176.
https://doi.org/10.1186/s13059-021-02390-3

D’Souza J, Hickson ID. Replication fork barriers to study
site-specific DNA replication perturbation. DNA Repair (Amst)
2024;141:103735.

Received: June 29, 2025. Revised: October 20, 2025. Accepted: November 7, 2025
© The Author(s) 2025. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1038/s41467-020-17503-y
https://doi.org/10.1242/dev.146522
https://doi.org/10.7554/eLife.22280
https://doi.org/10.1038/s41586-023-06085-6
https://doi.org/10.1073/pnas.1433065100
https://doi.org/10.1091/mbc.e09-05-0380
https://doi.org/10.1016/j.coisb.2018.08.003
https://doi.org/10.1038/s41467-023-40485-6
https://doi.org/10.1126/sciadv.adf2687
https://doi.org/10.1016/j.molcel.2025.05.009
https://doi.org/10.1080/19491034.2023.2293604
https://doi.org/10.1083/jcb.200906191
https://doi.org/10.5281/zenodo.3555620
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.7717/peerj.453
https://doi.org/10.1006/jcis.1996.0217
https://doi.org/10.1083/jcb.201012077
https://doi.org/10.1128/MCB.00981-08
https://doi.org/10.1083/jcb.139.1.13
https://doi.org/10.1016/j.molcel.2016.12.020
https://doi.org/10.1371/journal.pbio.2005687
https://doi.org/10.1073/pnas.2200780119
https://doi.org/10.1038/nature09504
https://doi.org/10.1016/j.cub.2017.03.069
https://doi.org/10.1038/s41467-022-28855-y
https://doi.org/10.1016/j.cub.2015.11.058
https://doi.org/10.1242/jcs.082230
https://doi.org/10.1016/j.jsb.2014.10.001
https://doi.org/10.1016/j.molcel.2023.05.015
https://doi.org/10.1016/j.celrep.2021.108759
https://doi.org/10.1186/s13059-021-02390-3
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

