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Abstract

Transcription and replication both require large macromolecular complexes to act on a DNA
template, yet these machineries cannot simultaneously act on the same DNA sequence. Conflicts
between the replication and transcription machineries (transcription-replication conflicts, or
TRCs) are widespread in both prokaryotes and eukaryotes, and have the capacity both to cause
DNA damage and to compromise complete, faithful replication of the genome. This review

will highlight recent studies investigating the genomic locations of TRCs and the mechanisms
by which they may be prevented, mitigated or resolved. We address work from both model
organisms and mammalian systems, but predominantly focus on multicellular eukaryotes due to
the additional complexities inherent in the coordination of replication and transcription in the
context of cell-type-specific gene expression and higher-order chromatin organization.
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1 Introduction

Transcription-replication conflicts (TRCs) can occur in two orientations: co-directional
(CD) or head-on (HO) (Figure 1A). CD-TRCs represent encounters between the DNA
replication machinery (known as the replisome) and RNA polymerase (RNAP) moving in
the same direction on DNA, while HO-TRCs occur when the replisome and RNAP are
moving towards one another. Most models assume that CD-TRCs are normally the result of
replisomes ‘rear-ending’ transcription: this is likely to be almost invariably true in bacteria,
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since prokaryotic replisomes move many times faster than their RNA polymerase and CD-
TRCs are widespread (14). In eukaryotes, RNA polymerase 2 (RNAP2) and the replisome
move at approximately equal bulk rates with stochastic variability (20, 90). Therefore, both
permutations for CD-TRCs are likely possible in eukaryotic genomes (Figure 1A). Early
studies of TRCs in bacteria show that HO-TRCs compromise replication-fork progression
more severely than CD-TRCs (68). Similarly, yeast studies show that HO-TRCs impede
replication fork progression, leading to elevated DNA breaks, transcription-associated
recombination (TAR), and co-transcriptionally formed RNA:DNA hybrids (R-loops) and
related genomic instability (39)

Both the propensity for TRCs and the diversity of possible conflicts differs greatly between
prokaryotic and eukaryotic genomes. In £. colj, the single circular chromosome has one
replication origin (oriC), and both replication and transcription are regulated primarily

in response to external stimuli (e.g. nutrient availability). Mammalian genomes (with

more than 200 different cell types in the human body) have complex replication and
transcriptional programs that complicate the temporal and spatial regulation of when, where,
and how TRCs occur. Tens of thousands of flexible replication origins are licensed in excess
to ensure complete duplication of the entire genome prior to cell division. Additionally, the
mammalian transcriptome is regulated by a dynamic and complex network of transcription
factors and cis-regulatory elements that influence expression of genes that vary greatly

in transcription efficiency and gene length. Temporal separation alone of replication and
transcription does not dramatically limit TRCs. Although replication is confined to S-phase,
transcription occurs throughout the entirety of the cell cycle (6). Transcription is high during
G1-S due to CDK phosphorylation of Rb, which releases E2F transcriptional factors that
promote transcription of cyclins/CDKs, housekeeping genes, and periodically transcribed
products(6). Histone gene expression levels peak during S-phase to accommodate newly
synthesized DNA. Additionally, some long genes take more than one cell cycle to transcribe
(49). Therefore, RNAPs persist on DNA throughout replication, but how the coordination of
these processes prevents detrimental collisions and genomic instability remains unclear and
is an active area of research.

Within S-phase, the spatiotemporal separation of replication and transcription could
represent a simple mechanism to limit TRCs via mutually exclusive chromatin occupancy.
Euchromatin replicates early and heterochromatin replicates late (reviewed in (83), and

the DNA replication and transcriptional machineries are spatially anticorrelated in both
early and late S-phase (141). Additional recent high-resolution live-cell imaging shows

a global anti-correlation of transcriptionally elongating RNAP2 with PCNA - a core
replisome component (136). Sequencing of nascent transcripts in S-phase demonstrated

that periodically transcribed genes in early-replicating regions are transcribed late, and vice
versa (88), providing further support for a global separation of replication and transcription
in mammalian cells as a general mechanism for limiting TRCs in dividing cells. However,
spatiotemporal separation of replication and transcription outlined above is almost certainly
non-binary. Early genome-wide studies predicting replication fork dynamics from nucleotide
skew proposed that mammalian replication origins occur preferentially at transcriptional
units in an expression-dependent manner (53, 132). More recent genome-wide replication-
origin mapping has consistently shown that early-firing origins occur at or near transcription

Annu Rev Genet. Author manuscript; available in PMC 2024 March 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goehring et al.

Page 3

start sites (TSS) of genes with high transcriptional activity (106). Endogenous replication
origins in human cells are associated with RNAP2 occupancy, G4-quadruplex structures,
GC-skew, CpGs, and open chromatin, all of which are linked to increased transcriptional
activity (7, 70, 106, 149). The coordination of tens of thousands of origins around tens of
thousands of potentially active transcriptional units throughout gigabases of DNA in higher
eukaryotes suggests that TRCs likely occur frequently in the course of a normal cell cycle.
Despite recent progress, the specific mechanisms of how TRCs are negotiated and mitigated,
and the mechanisms by which aberrant TRCs contribute to genomic instability, remain
unresolved.

Many studies investigating TRCs have done so via the direct analysis of replication-fork
dynamics: 2D-gel electrophoresis of reporter genes reveals locus-specific replisome pausing
(105), while DNA fiber analysis shows non-specific, global changes in fork speed, origin
density, and fork asymmetry (115). The development of several novel sequencing techniques
such as Ok-seq (21, 100), INI-seq (44, 70), SNS-seq (7), Repli-seq (149), and Pu-seq (62)
has permitted genome-wide mapping of replication origin usage, fork directionality, and
replication termination, greatly increasing our understanding of the global dynamics of DNA
replication in normal and perturbed conditions. Additionally, a large body of work has
inferred the existence of TRCs by assaying genomic instability in response to dysregulated
replication and/or transcription (39, 46). A genuinely direct analysis of TRCs has proven

to be more challenging. Proximity ligation assays between the replication and transcription
machineries (45) are sensitive but lack DNA sequence information for genome site-specific
TRCs. Recent works aligning genome-wide ChlP-seq of DNA damage markers alongside
replication-fork mapping suggested possible locations where deleterious TRCs might occur
(107), but few studies have probed for direct transcription-replication colocalization or
established direct and irrefutable mechanisms linking specific TRCs to genomic instability.
The work here will highlight recent studies elucidating how endogenous TRCs are prevented
through genome organization, and how both CD- and HO-TRCs are thought to contribute

to genomic instability. We will also outline key studies exploring how replication and
transcription dysregulation exacerbate TRCs. We note that several comprehensive reviews
have been written on TRCs in the past few years; please refer to these excellent reviews that
cover additional critical work not discussed here due to space constraints (39, 46, 64, 143).

2 Genome organization and TRCs

2.1 Evolutionary selective pressure for co-directional TRCs in highly transcribed genes

The organization of small genomes from rapidly replicating organisms shows an
evolutionary selective pressure for CD-TRCs and against HO-TRCs in a gene expression-
dependent manner. The circular genome of Phi X 174 bacteriophage is entirely
codirectionally oriented with replication fork progression, and the linear bacteriophage T7
genome is almost entirely unidirectionally transcribed, with the origin of replication within
the first 15% of its 5’ end: the handful of genes in the T7 phage genome that are upstream
of the replication origin are early genes transcribed by host RNAP before viral replication
occurs (14). In E. colimost highly transcribed bacterial operons, including rRNA gene
arrays and nearly 90% of genes involved in DNA, RNA, and protein synthesis, all run in the
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same direction relative to replication forks emanating from oriC.(14) (Figure 1B). While this
suggests that HO-TRCs are disfavored in order to minimize genomic instability, recent work
suggests that HO-TRCs may represent a mechanism to potentiate rapid genomic evolution
and enhance pathogen survival under stress. Evidence from E. coli and B. subtilis suggests
that a gene’s essentiality, as opposed to solely its expression level, can drive evolutionary
selection for CD- and HO-gene orientation in bacteria (111). Therefore, the majority of
essential genes are oriented codirectionally with oriC, and the 17% of essential genes found
on the lagging strand in B. subtilis have increased nonsynonymous point mutations in a
transcription- and length-dependent manner(97). Moreover, across several bacterial species
genes oriented head-on with respect to replication are enriched for virulence and antibiotic
resistance factors, likely the result of randomly inverted codirectional operons (87). These
data are consistent with a model in which genomic instability from HO-TRCs is tolerated to
an extent in order to preserve mutagenic capacity and genetic flexibility in rapidly dividing
and evolving bacteria.

Evidence for a gene orientation bias in budding yeast, a long-standing eukaryotic model
system for TRCs (30) is more mixed than for prokaryotes and bacteriophage. S. cerevisiae
tRNA genes, which are highly transcribed by RNAP3, lead to substantially more replication-
fork stalling (93) and R-loop-dependent gross chromosomal rearrangements (133) in the HO
orientation relative to the CD orientation. Consistent with HO-TRCs being more deleterious
than CD, tRNA gene orientation is strongly biased such that CD-TRCs will predominate
(93). However, a significant fraction of S. cerevisiae tRNA genes are found in the HO
orientation, and no detectable orientation bias exists for protein-coding genes transcribed by
RNAP?2 in the yeast genome despite the association of very highly transcribed genes with
replisome pausing (24) and mitotic recombination (105).

Replication origin firing in both bacteria and yeast occurs efficiently at fixed DNA
sequences. A higher propensity for DNA breaks at HO-TRCs would, over time and

in response to cellular adaptation, presumably reorient problematic HO genes to favor
codirectional movement in an expression-dependent manner. However, such sequence-
specific fixed replication origins would likely pose a challenge for multicellular eukaryotes
with diverse cell-type-specific transcriptomes. Initiation of DNA replication immediately
upstream of every active TSS would naturally co-orient replication with transcription,
minimizing both HO- and CD-TRCs due to the matched speeds of replication and
transcription. Indeed, a significant body of evidence is consistent with cell-type specific
origin definition in metazoa occurring via the licensing of replication origins (by deposition
of the MCM2-7 complex) upstream of active genes (79, 104, 118) to facilitate codirectional
movement in highly transcribed regions (44). The most efficient replication origins in
human cells appear to be conserved across cell types, although these origins differ in

firing efficiency in a cell-type dependent manner (7) and are supplemented by stochastically
firing cell-type specific origins (2). These conserved core origins contain a signature G-rich
sequence(2) that could represent a vestige of ancestral sequence-specific origin definition.
Thus, the genome-wide organization of replication and transcription across multiple species
suggests a conserved evolution for CD movement of transcription and replication. However,
recent single-molecule analysis of origin firing demonstrates that initiation events are largely
stochastic in human cells (140); therefore, a replication program that on average minimizes
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the propensity for HO-TRCs may still generate a large number of such conflicts in any given
cell in a population.

Replication origin firing does not occur immediately after origin licensing, allowing time
for RNAPs to modulate the location of excess MCM2—-7 complexes loaded in late G1.

RNA polymerases can relocate topologically loaded MCM proteins both /n vitroand in
vivo, although extensive MCM2-7 repositioning may be associated with a reduction in
origin firing efficiency (43, 104, 118). Consistent with the clearance of intragenic MCMs by
RNAP2 in unperturbed human cells, replication origins are depleted within transcriptionally-
active gene bodies (2, 82) but enriched downstream of genes (21, 62), either at a gene’s
transcription termination site (TTS) or the nearest downstream TSS. Whether or not these
downstream origins are indeed predominantly licensed by mobile MCMs, and whether they
lead to HO-TRCs, remain as open questions; additional work will be needed to define both
the distance over which MCMs can be moved in the context of a chromatinized genome,
and the extent to which MCM repositioning impacts the ability of this complex to recruit
origin firing factors. Intuitively, if MCM2-7 can be extensively loaded within gene bodies
and subsequently repositioned by RNAP, a substantial fraction of licensed origins — perhaps
even the majority — would lie downstream of the most highly transcribed genes. Given that
replication predominantly initiates upstream of such genes, it is likely that additional factors
regulate replication-origin firing. An understanding of whether dynamically redistributed
origin licensing factors are linked to dormant origin firing or oncogene-induced origin firing
could reveal new mechanisms of replication-stress tolerance to ensure local DNA replication
(discussed in section 3).

2.2 How are endogenous HO-TRCs prevented and resolved?

HO-TRCs, even if deleterious to replication fork progression and genomic integrity, are
inevitable in complex genomes due to stochastic origin firing. In human cells, there is

no bias for origin firing at divergent, tandem, or convergent gene neighbors (100), with

the exception of a preference for efficient origin firing in the context of closely spaced
(<5kb) transcriptionally active divergent genes. Thus, replication-origin firing upstream

of a transcriptionally active gene has the potential to induce a HO-TRC in one or

more neighboring genes. Furthermore, genome-wide analysis replication-fork direction by
both Ok-seq (21) and Pu-seq(62) analysis has shown that the use of replication origins
downstream of transcribed genes — another potential cause of HO-TRCs — is widespread

in unperturbed cells. Programmed replication-fork barriers (RFBs), for example the Tus-Ter
system in £. coli (113), and the binding of Fob1 to the RFB sequence in yeast (51) (Figure
1C), represent a simple mechanism to prevent HO-TRCs in specific regions of the genome.
RFBs are programmed protein-DNA complexes that unidirectionally block replication-fork
progression and thereby allow only those forks moving codirectionally with transcription to
complete replication of the downstream region. However, with the exception of an intriguing
study suggesting that polar poly(AT) tracts may function as endogenous blocks to fork
progression at rRNA termini and other sites in replicating murine B-cells (135), there is
little evidence that programmed RFBs area common strategy to prevent HO-TRCs in higher
eukaryotes.
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Failure to progress through non-programmed blocks to DNA replication is associated with
genomic instability: in yeast, the partially redundant Pifl and Rrm3 helicases function
genome-wide to promote fork progression through R-loops, G-quadruplex structures (G4s),
and highly-transcribed gene units (28, 63, 117); loss of PIF1-helicases leads to severe

fork arrest, R-loop-dependent gross chromosomal rearrangements, and increased point
mutagenesis (93, 133, 150) (Figure 1C). RNAP, R-loops, and G4s appear to be able to serve
as barriers to replication-fork progression in yeast and mammalian cells (39, 73, 147). G4s
also stabilize GC-rich R-loops, which are enriched at gene termini (123). In human cells,
the RTEL helicase is required for resolution of G4s on R-loops in order to protect against
TRCs and replication stress (60); FANCJ also exhibits G4-unwinding activity necessary

for replication fork progression, and numerous other Fanconi complex proteins have been
extensively implicated in preventing R-loops, TRCs, and TRC-related genomic instability
(12, 72, 115, 119, 144, 146) (Figure 1D). We anticipate that future work in mammalian
systems will define both the extent to which, and the mechanisms by which, transcription-
associated secondary structures compromise replication-fork progression in gene bodies and
at gene termini.

Topoisomerases can prevent genomic instability associated with G4s, and additionally
promote fork progression through protein-DNA barriers (122, 145) (Figure 1D). Genome-
wide mapping of TRC-induced genomic instability in human cells demonstrated that R-
loops and topological stress are linked to dysregulated replication fork progression at gene
termini: ATR and topoisomerase 1 protect against R-loops, replication stress, and DNA-
breaks at TTSs of highly transcribed genes (107). HO-TRCs are likely particularly prone
to topological stress due to the additive downstream supercoiling in front of two processive
polymerases, whereas negative supercoiling behind polymerases would create a net neutral
torsional stress in CD-TRCs (Figure 1D). Indeed, in the model prokaryote B. subtilis, type
Il topoisomerases relieve R-loop and replication-associated torsional stress (69), and B.
subtilis cells with engineered HO-TRCs are sensitive to topoisomerase inhibitors. Studies
interrogating the impact of HO- vs CD-TRCs are more challenging to directly engineer in
mammalian genomes, limiting the extent to which the implications of this work have so far
been extended to mammalian genomes.

It is unclear whether replication-forks approaching the 3’ ends of genes pause at gene
termini or enter gene bodies, and whether HO replication of these regions leads to

direct contact between the replication and transcription machinery. Ok-seq suggests that
transcription plays a role in orienting replication termination: replication termination is
enriched at TTSs of highly transcribed genes, consistent with a possible role for RNAP in
blocking progression of downstream forks into genes, thereby promoting genic replication
by codirectional movement (21). However, hydroxyurea-induced dormant origin firing
causes replication termination within gene bodies, so this transcriptional barrier might be
permissible to an extent. Future work uncovering the specific mechanisms of transcription-
dependent replication termination could shed light on how TRCs are endogenously
prevented or resolved.
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2.3 Endogenous CD-TRCs can compromise genomic instability

RNAP pausing and backtracking are inherent mechanisms of transcriptional regulation(92).
RNAP pausing is positively correlated with R-loop formation, and various R-loop
sequencing methods suggest that R-loops are most prevalent at TSSs and TTSs of highly
transcribed genes (19, 116). Therefore, endogenous CD-TRCs are likely prevalent even
during unperturbed DNA replication in mammalian cells, and dysregulation of either
replication or transcription could further increase the frequency of such CD-TRCs as well as
inducing ectopic HO-TRCs (discussed in section 3 and 4).

In an episomal system in human cells, CD-TRCs induced DNA breaks and ATM-checkpoint
activation, distinct from ATR activation by an analogous HO-TRC in the same system

(45). In a genomic context, a recent analysis in human cancer cells by Koyanagi and
colleagues showed variation in replicative polymerase usage consistent with widespread
leading- and lagging-strand polymerase uncoupling within gene bodies in a transcription-
and length-dependent manner (62). Polymerase uncoupling was observed to be strongest

at TSSs and TTSs and present in both conflict configurations (HO and CD). These results
suggest that a basal level of fork uncoupling might be tolerated in cancer cell lines with
dysregulated checkpoint function, and perhaps to a lesser extent in unperturbed cells.

Recently, St Germain and colleagues developed a novel technique for genome-wide mapping
of TRCs. TRIPn-seq (Transcription—Replication |mmunoPrecipitation on Nascent DNA
Sequencing) combines immunoprecipitation of nascent BrdU-labeled DNA with RNAP2-
pSer5 ChlP, followed by sequencing. This technique was used to identify regions co-
occupied by Ser5-phosphorylated RNAP2 and nascent DNA in mouse primary B-cells

(38). The Ser5 phospho-form of RNAP2 is most prevalent at TSS of highly transcribed
genes, and consistently, the majority of TRIs (transcription-replication interactions) detected
by this technique were found to be TSS-proximal and in early-replicating regions of the
genome (Figure 1D). While at least some of the TRIs identified may represent transcription
of newly synthesized DNA, it is likely that many reflect bona fide TRCs. Because origin
firing is suppressed within gene bodies (81), TRCs identified by TRIPn-seq are most likely
co-directional. TRIs are enriched for divergent gene pairs, consistent with previous reports
of RNAPs at divergent genes contributing to genomic instability through excessive negative
supercoiling and topological stress behind two opposed replisomes (94). TRIs are sites of
spontaneous DSBs, high GC-skew, increased G4-quadruplex formation, and increased RPA
association with DNA under replication stress. These results provocatively suggest that a
subset of TSS’s are associated with replication origins from which at least one resulting
replication-fork that commonly engages in a CD-TRC, leading to DNA damage.

TRIs mapped by TRIPn-seq are reminiscent of early-replicating fragile sites (ERFSs), which
were also characterized in a mouse B-lymphocyte models (4). Like TRIs, ERFSs undergo
spontaneous DNA breaks in a transcription- and replication-dependent manner (Figure 1D).
Genomic instability at ERFSs is exacerbated by inhibition of ATR, suggesting that ATR
signaling mitigates a basal level of DNA-damage associated with TRCs in unperturbed

cells. 1t’s important to note that B-lymphocytes have endogenously high levels of DNA
damage because they rely on R-loops and DNA breaks for AlID-dependent recombination
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and generation of diverse immunoglobulins, but AID can generate double-strand breaks at
sites other than immunoglobulin genes (40).

Recent work from Wang and colleagues suggests that TRCs at TSSs can also be associated
with under-replication of short genomic regions in human cell lines, but that such under-
replication is well tolerated (139) (Figure 1D). BrdU-seq and Repli-seq in unperturbed
human fibroblasts show that a narrow window of DNA (< 5kb) at TSSs of highly-
transcribed and long genes remains under-replicated throughout the majority of S-phase,
with replication completed only in late G2/M. Strand-specific Ok-seq analysis in human
retinal epithelial cells (RPE-1) was consistent with replication fork uncoupling at TSSs of
long genes, and under-replication of the lagging strand. The G-MiDS sites (G2/M DNA
synthesis) identified in this study are distinct from mitotic DNA synthesis (MiDAS) and
TRIs in that they do not appear to be associated with genomic instability.

It is unclear what distinguishes a benign CD-TRC from one that leads to DNA damage.
Future work across several other mammalian systems will hopefully shed light on this
important unresolved question. It is possible that the presence or absence of multiple
RNAP2 molecules at a conflict site may play a role in determining the outcome of a CD-
TRC - i.e. that the number of RNAPs ahead of (or behind) a replisome would correlate with
the impediment to replication fork progression and/or DNA breakage. Indeed, CD-TRCs in
an E. colimodel show increased nascent DNA gaps in an RNAP/R-loop array-dependent
manner (16). The precise disposition of RNA polymerase may also be important. For
example TRC-dependent DNA double-strand breaks in £. coliwere found to be specifically
associated with backtracked RNA polymerase in the context of CD-, but not HO-TRCs (33):
to our knowledge, there is as yet no evidence for an analogous effect of RNAP backtracking
on TRC outcome in eukaryotic genomes.

2.4 TRCs occur at common fragile sites

Common fragile sites (CFSs) are highly-conserved large genomic regions (kb to Mb)
interspersed throughout mammalian genomes and characterized by increased DNA breaks
and recombination, which can, in turn, lead to chromosomal rearrangements and copy-
number variation (32). CFSs are highly sensitive to replication stress (32), and are enriched
for long genes (>300 kb) that take more than one cell cycle to transcribe (49). Consistent
with a direct role for TRCs in CFS instability, DNA breakage at these sites depends on

the presence of active transcription and R-loops, and is mitigated by endogenous RNaseH1
(49, 115). CFSs are also late-replicating and reside in origin-poor regions of the genome.
These regions rely on long-range moving replication forks for faithful DNA replication,
and are at risk of under-replication, MiDAS, and/or DNA breakage (9). Origin density
within CFSs and CFS instability is not conserved between cell types or even between

cell generations of the same identity (74, 75); this is likely due to transcriptome-specific
orientation of replication origins. CFS instability is not linearly correlated to transcriptional
activity of long CFS genes: lowly transcribed long genes with weak promoters are more
prone to destabilization than highly transcribed long genes with strong promoters (10).
This instability is driven by under-replication of large genes whose origins fire too late in
S-phase and cannot complete replication (15). Therefore, it is possible that even low levels
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of transcription or subtle changes to transcription programming can alter replication origin
usage and cause genomic instability. Replication of CFSs could also be compromised by
RPA exhaustion in settings of elevated levels of replication stress (129).

In addition to low origin density, CFSs are sensitive to replication stress due to AT-rich
sequences that increase the propensity for non-B-form DNA structures in these regions.
Artificial insertion of an AT-dinucleotide repeat sequence into a stable region of the

genome causes increase non-B-form DNA structures that exacerbate replication stress

and DNA breaks (54). Conversely, long, homopolymeric poly(dA:dT) tracts are sites of
collapsed DNA replication forks that flank CFS genes (135). In this model, replication fork
impairment and collapse are driven by secondary structure formation of poly(dA), evidenced
by a lack of RPA-coated ssDNA in these regions. In yeast, long poly(dA:dT) tracts are also
R-loop prone, suggesting that transcription and TRCs could contribute to AT-rich secondary
structure instability (138)

3. TRCs caused by DNA replication stress

Given that DNA replication and transcription must be coordinated, it stands to reason

that dysregulation of either process has the potential to disrupt this coordination — and
therefore to compromise genomic integrity via mechanisms that include, but are not
necessarily limited to, increased TRCs. Replication stress leads to aberrant origin firing

and stalled replication forks, both of which can increase the propensity for TRCs (section
3.1). Additionally, recent studies have revealed multiple mechanisms of replication recovery
following fork stalling with transcription machinery (section 3.2), including direct RNAP
removal (section 3.3).

3.1 TRCs are caused by aberrant origin firing

Replication origins are licensed in excess in late G1, but only a subset of euchromatic
origins will be activated in early S to generate productive replication forks. Excess origin
licensing safeguards against replication stress (37) by ensuring that nearby dormant origins
can be activated to ensure complete replication after fork stalling, facilitated by ATR (23).
Dormant replication origins do not appear to be distinct from constitutive origins, but rather
are distinguished by their passive usage when the forks coming from constitutive origins
stall or fail to fire (20). Fork progression and origin density are tightly linked: defects in fork
progression (fork slowing or stalling) lead to concomitant increase in dormant origin firing.
The pool of MCM2-7 complexes loaded onto DNA and available for dormant origin firing
may be at least partly positioned by RNAP2 (43, 118) or pushed ahead of the replication
fork consistent with ‘trains’ of MCM complexes observed in reconstituted systems (50).

Depletion of nucleotide pools by low-dose hydroxyurea treatment in human cells causes
compensatory origin firing immediately downstream of TTSs of highly-transcribed genes,
although it is unclear whether this TTS-proximal origin firing would potentiate HO-TRCs
if occurring solely due to replication-fork slowing (20, 21). In contrast to HU-induced
fork stalling, Cyclin E overexpression causes replication stress through premature S-phase
entry and aberrant replication initiation; such unscheduled origin firing has the potential
to increase TRCs, and to deplete or exhaust nucleotide pools and RPA, resulting in slow
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and/or stalled replication-forks (55). Cyclin E-induced replication stress is transcription- and
R-loop dependent (55). Surprisingly, EdU-seq analysis demonstrated that rapid induction
of Cyclin E overexpression in human cells induces aberrant origin firing in the middle

of protein-coding genes (82). Intragenic origin firing is associated with DSBs and break-
induced translocations in human cells, consistent with Cyclin E1 overexpression as a driver
for oncogenesis in multiple cancers, including p53 wild-type models that tolerate Cyclin
E1-induced whole-genome duplication via a mechanism unrelated to TRCs (148). Intragenic
origins induced by Cyclin E1 overexpression compared to intergenic origins downstream
of TTSs induced by HU-induced dormant origin firing is likely dependent on the time
available for RNAP2 to redistribute MCMs in low-dose HU, orienting them towards gene
termini (Figure 2A); this time window is shortened in Cyclin E1 overexpression, and MCM
loading inversely proportional to G1 length is uncoupled in Cyclin E1 overexpression (85).
However, recent work in yeast suggests premature S-phase entry alone does not cause

new origins to fire and does not cause TRCs (110). In an engineered yeast model with
induced CDK/DDK regulation-bypass mechanisms allows for premature activation and
replication in G1. Unscheduled G1 replication initiation increased canonical origin usage
and causes genomic instability through over-replication and head-to-tail replication-fork
collisions, suggesting that uncoordinated firing of new origins may be required for TRCs
(Figure 2A). Future work continuing to elucidate how premature S-phase entry, Cyclin E1
overexpression, and dormant origin firing distinctly cause genomic instability could reveal
novel mechanisms of TRCs.

3.2 Replication stress response mitigates TRCs

TRCs, particularly HO-TRCs, stall replication forks (39, 46, 68), and both fork reversal
and bypass mechanisms have been shown to resolve TRCs (discussed herein). Both of
these fork recovery processes are mediated by replication stress response and checkpoint
activation pathways (23). Replication fork recovery relies on chromatin remodelers for fork
reversal, the HR machinery for fork protection against nucleases, and translesion synthesis
polymerases for fork restart (31, 108, 130). Lesions impeding replication forks can be
bypassed by translesion synthesis polymerases and Fanconi proteins (109). In yeast, fork
reversal and repriming pathways are mutually exclusive: however, pathway choice is not

as well understood in mammalian models and might be influenced by the availability of
specific DNA repair and DNA polymerase factors, and the type of lesion encountered by the
replisome (35, 109).

Replication fork reversal facilitates resolution of R-loop-induced TRCs by promoting fork
recovery past RNAP and R-loops: MUS81 endonuclease-mediated ATR activation responds
to excessive R-loop accumulation, replication stress, and TRCs (84). In this model, ATR
coordinates replication stress response to negotiate R-loop-induced TRCs by orchestrating
replication recovery through limiting excessive MUS81 nuclease activity and upregulating
the G2/M checkpoint to prevent further TRCs (84) (Figure 2B). Further work has shown
that a unique MUS81-SLX4-RAD52-POLD3 axis is responsible for fork cleavage and
re-ligation after fork stalling, this is mediated by RECQ5 helicase (17) (Figure 2B). In the
latter model, recovered replication forks might be able to progress past RNA polymerase
without compromising transcription, reminiscent of foundational work demonstrating that
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the replisome is able to bypass ternary transcription complexes without compromising
transcription in a bacteriophage model system. (78)

Tumor suppressor proteins involved in homologous recombination (HR) also play an
important role in replication fork reversal and protection. BRCAZ2 binds reversed replication
forks to enable Rad51 loading to prevent MRE11 nucleolytic degradation of nascent

DNA (108). In addition to facilitating fork protection, Rad51 is required for fork reversal

in a BRCA2-independent manner (108). HR-deficiency and replication stress have also
been previously associated with MiDAS (mitotic DNA synthesis), which results from
defective S-phase DNA synthesis and requires Rad52 for resolution (9). In recent work,
HR-deficient cells were found to have increased TRCs and MiDAS due to replication timing
dysregulation(8, 42). In both BRCA2- and Rad51-deficient human cells, MiDAS sites have
been identified using MiDAS-seq, and correspond to regions of early S-phase replication
that also exhibit early S-phase transcription: these data demonstrate a model wherein TRCs
delay replication of these regions (8, 42), possibly consistent with previously described
TRIs (section 2.3). Specifically, CD-TRCs trigger BRCA2-deficient MiDAS associated with
regions that align with R-loops, consistent with a previously reported role for BRCA2

in promoting transcription elongation and preventing R-loops (121). In several models,
BRCA2-deficient cells exhibit slowed replication forks, the speed of which can be rescued
by PARP inhibition at the expense of sSDNA gaps (25, 86). Future work exploring whether
fork stalling instigates TRCs that can be rescued by modulating fork speed or compensatory
dormant origin firing will shed light on the role of TRCs in replication regulation. Other
mechanisms of BRCA2-mediated transcription regulation could contribute to preventing
TRCs: damage-induced long-noncoding RNAs (dilncRNAS), and subsequent RNA-DNA
hybrid formation, accumulate around DSBs specifically in S-phase, and require BRCA2 for
repair (29). Whether these breaks are sites of collapse replication forks that use local RNAP/
R-loops for dilnc synthesis is unknown but could explain a mechanism of RNA-mediated
DNA repair specifically at TRCs (29).

PRIMPOL (primase polymerase)-mediated leading strand repriming and synthesis has also
been shown to have the potential to resolve TRCs (discussed in this paragraph). The
specific mechanisms of PRIMPOL-mediated lesion bypass are unclear, but initial work in
mammalian models has characterized that PRIMPOL activity is required for replication fork
bypass of UV-adducts, inter-strand crosslinks, and G4 quadruplex structures in unperturbed
cells, at the expense of generating replication gaps (31). Endogenous PRIMPOL activity

has been shown to be required for replication through expansive (GAA) repeats in DT40
cells in an RNA:DNA hybrid-dependent manner (Figure 2B), and defective PRIMPOL
activity leads to S-phase specific accumulation of R-loops associated with G4 motifs (128).
Although traditionally thought to be primarily involved in bypass of DNA adducts and
nucleotide-level lesions, translesion polymerases have recently been implicated in other fork
bypass mechanisms that might make them candidates for resolving TRCs. TLS polymerase
eta has RNA primase and extension activity, and TLS polymerase kappa is required for fork
recovery (36, 130). Continued work to explore pathway choice of replication forks stalled at
TRCs in various cellular and genetic contexts will be needed to understand mechanisms of
TRC-prevention and resolution.
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In prokaryotes, the mRNA associated with the RNAP in a TRC can be used as a primer for
lesion bypass in the co-directional orientation. RNAPs and R-loops associated with mRNA
transcripts can by bypassed /in vitro by mRNA takeover or downstream repriming using the
MRNA as a primer for continued leading-strand synthesis, resulting in nascent sSDNA gaps
(102). Intriguingly, in a reconstituted yeast replication system, analogous mechanisms to
PRIMPOL repriming and translesion synthesis have recently been described as mechanisms
to bypass unique TRCs: leading strand synthesis hindered by G4s or R-loops are able to

be reprimed downstream of these lesions using the mMRNA as a template, resulting in fork
uncoupling and nascent DNA gaps (63). Whether mammalian replisomes have an analogous
capacity for leading-strand repriming downstream of transcription complexes, particularly
RNAP arrays, is yet to be demonstrated.

3.3 RNAP removal by replication machinery and signaling

One straightforward means of resolving TRCs is direct removal of RNAP or R-loops

by the DNA replication machinery. Replication is high-stakes, as evidenced by several
checkpoint pathways promoting tight cell cycle regulation and DNA replication fidelity.
Conversely, transcription of any given mRNA is likely dispensable, with the possible
exception of extremely long genes that require more than one cell cycle to transcribe.
Therefore, local transcription inhibition directly associated with the replisome could prevent
unanticipated TRCs that arise during DNA replication. This would facilitate quick TRC
resolution without globally compromising cell cycle progression or genomic integrity

with prolonged cell cycle checkpoint arrest. Although there is limited evidence for such
transcriptional inhibition, recent live-cell imaging of transcription and replication machinery
at an inducible-transcribed gene in yeast suggests that transcription is transiently inhibited
ahead of replication forks, which remain unaffected except in the setting of excessive RNAP
accumulation (134). Transient transcription inhibition might be orientation-specific, as only
CD-TRCs in an engineered episomal system are associated with R-loop resolution(45).
Immediate R-loop resolution could also impact local RNAP chromatin occupancy and
resolve TRCs. ATADS regulates PCNA and prevents genomic instability by unloading

it from DNA after replication completion and promoting deubiquitination of PCNA in
response to DNA damage along with UAF1 (71). ATAD5 resolves R-loops by recruiting
DEAD/DDX RNA helicases directly to replication forks (58). Therefore, ATADS depletion
might lead to increased TRCs through dual mechanisms of defective R-loop resolution and
persistent PCNA on DNA. (Figure 2B).

Accessory replicative helicases in both prokaryotes and eukaryotes remove protein-DNA
complexes ahead of oncoming replication forks: in bacteria, Rep and UvrD remove
RNAP without resulting sSDNA gaps (48); RecQL4 helicase tethered to pre-replicative
helicases induces unscheduled origin firing and replication stress that is rescued by
transcription inhibition (120). RECQS5 helicase and TRIM28 E3 ligase facilitate SUMO2-
PCNA conjugation to promote RNAP2 removal from chromatin to prevent TRCs and
TRC-induced breaks (76). Similarly, protein phosphatase PNUTS prevents replication
stress checkpoint through direct dephosphorylation of phospho-Ser5 residues on RNAP to
facilitate its removal at TRCs (66). (Figure 2B).
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Collectively, these results show that several helicases associated with replisomes might
resolve or prevent TRCs through transcription inhibition. Future work exploring the impact
of this mechanism on gene expression will be needed: although transient inhibition of
transcription could be favored to replication inhibition, whether inhibition of transcription
impacts mRNA transcript maturity and gene expression that drives disease is unknown.

4. TRCs caused by transcriptional dysregulation

Transcription dysregulation leads to deleterious TRCs through multiple mechanisms
including the formation of R-loops, RNAP stalling, and backtracking. Oncogene-related
hyper-transcription, defective mMRNA processing, and dysregulated chromatin all can lead
to TRCs (sections 4.1, 4.2, 4.3). Failure to resolve TRCs also cause dysregulated gene
expression, although the mechanisms underlying this are unclear (67, 134). Continued
work exploring how TRCs impact proximal gene expression could elucidate novel genomic
instability pathways that drive disease.

4.1 TRCs caused by hypertranscription

Oncogene induction can drive cancer through transcriptome reprogramming that promotes
tumorigenic pathways. Hyper-transcription from oncogenes has been consistently linked

to R-loop-induced replication stress (13). Activating mutations in H-Ras cause increased
global RNA synthesis, R-loops, impaired replication fork progression and DNA breaks
through the general transcription factor TBP (61) (Figure 3A). Beta-catenin activation
causes increased global transcription, elevated R-loops, and transcriptional reprogramming,
all of which are further exacerbated in BRCA2-deficient cells (27) (Figure 3A). In this study
hypertranscription causes TRCs through downregulation of CDKN1A gene, which encodes
the CDK inhibitor p21, leading to aberrant origin firing, fork collapse, and DNA breaks.
Estradiol-induced transcriptional activity resembles oncogene-induced hypertranscription
(Figure 3A): in human mammary epithelial cells, estrogen drives genomic instability in both
a transcription- and replication-dependent manner and rapidly increases R-loop formation at
estradiol-responsive genes, which correspond to regions of translocations in breast cancer,
elucidating a potential mechanism by which estradiol drives luminal breast cancer (127).

MY C oncoproteins are transcription factors that globally bind the majority of RNAPs to
facilitate release from promoter-proximal pause sites to stimulate transcription elongation.
However, the impact of MY C-family genes on actual gene expression of MY C-regulated
gene targets is minimal, suggesting that MYC plays other roles in promoting oncogenesis,
particularly in preventing TRCs: MYCN recruits the nuclear exosome to its promoter
proximal pause sites for facilitation of transcription elongation and prevention of TRCs (95);
MYCN multimers form in response to transcriptional stress to shield stalled replication forks
and block anti-sense transcription at promoters (125) (Figure 3A). Intriguingly, these studies
were carried out in MYCN-amplified neuroblastoma models. Therefore, MYCN’s role in
preventing TRCs might be a consequence of mitigating catastrophic levels of replication
stress, and this work highlights how TRCs could be used to induce genomic instability

for cancer cell survival. Indeed, Aurora-A kinase inhibition induces TRCs, and combined
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Aurora-A kinase inhibition and ATR inhibition both led to increased DNA damage in /n vivo
MYCN-high neuroblastoma mouse models (112).

4.2 TRCs caused by defective mRNA processing

Defective RNA processing or persistent RNAP on chromatin can lead to R-loops and
TRCs. R-loops have been comprehensively reviewed (26, 99), and recent reports continue
to identify specific helicases involved in R-loop resolution to prevent or mitigate TRCs
(11, 89). Impaired mRNA export can also impact TRCs: mutations in the THO/TREX
(transcription export) complex that facilitate mRNP biogenesis and nuclear export cause
TRC-induced genomic instability through TAR (142). Nuclear exosome-mediated mRNA
processing also prevents TRCs: MYCN multimers inhibits transcriptional pausing by
facilitating exosome recruitment (95). Defective transcription termination could promote
TRCs at TTSs. HO-TRCs caused by origin firing downstream of genes may already

make these sites TRC-prone, and the persistence of the transcription machinery and/or
defective RNAP/R-loop removal could inhibit fork progression, or vice versa (i.e. origin
firing at TTSs can interfere with proper transcription termination). SETX, acting in concert
with BRCAL, plays a role in resolving R-loops at TTSs, promoting efficient transcription
termination and thereby potentially preventing TRCs downstream of genes (47, 124) (Figure
3B). Recent work has shown that Senl, yeast homolog of SETX, interacts with both the
replisome and transcription machinery to resolve TRCs (1) (Figure 3B). Excessive R-loops
that stall forks in SETX-depleted mammalian cells require FANCD2/FANCI for MUS81-
mediated MiDAS (114); these events might be more frequent at long, CFS genes (Figure
3B).

Pre-mRNA splicing can also impact genomic instability, potentially through TRCs (98).
Mutations in splicing factors cause R-loops to accumulate in pre-leukemia models, resulting
in ATR activation and replication stress (18). The role of splicing on RNAP turnover and
TRCs is unclear. TRCs occur at long genes due to their need of >1 cell cycle to transcribe
(49). Long genes are also rich in both alternatively-spliced variants and premature stop
codons (41). Proper splicing is mutually exclusive to premature transcription termination,
which is a driver of transcriptome regulation and diversification (57). Therefore, long,
transcriptionally-active genes might be susceptible to defective transcriptional processing
caused by replication stress. Under-replication through gene bodies, or origin firing
downstream of a long gene’s TTS could impact transcription elongation and termination
(cleavage and polyadenylation), thereby leading to dysfunctional gene expression.

Improper transcription termination could also result in dysregulation of chromatin structure
and function. Interestingly, R-loops induced by defective RNAI processing machinery
(Dicer, Argonaute) induce antisense transcription at TTSs and histone repressive marks
mediated by HP1g (123). Similarly, paused RNAP encourages local heterochromatin
formation in yeast (96). Transcription is increasingly linked to modulating epigenetic marks
(91), and histones are post-translationally modified in response to replication stress (52).
Much of the work exploring impact of TRCs on genomic instability has focused on DNA
breaks coming from collapsed forks, R-loops, or HR repair at TRCs. Future work exploring
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how TRCs directly impact gene expression could reveal novel mechanisms of epigenetically
driven replication and transcription reprogramming.

4.3 Chromatin conformation

Active chromatin remodeling represents yet another mechanism by which cells can resolve
TRCs. In yeast and murine models, the INO80 complex is directly bound to replication
origins to locally inhibit transcription (131). This finding extends earlier work demonstrating
that INO8O interacts with PAF1 complex to facilitate RNAP2 removal from early firing
origins in response to replication stress (101). Additionally, BRG1, a SWI/SNF chromatin
remodeling complex factor, cooperates with FANCD?2 to resolve R-loops associated with
TRC:s at stalled forks (5).

Local and global chromatin status is tightly linked to coordination of replication

and transcription. H3K4 activating histone modifications are strongly associated with
replication-origin firing (100), and both H2A.Z and H4K20me2 play a role in the definition
of early replication origins (80). Intriguingly, H3K4 methylation gradients have been shown
to slow replication fork speed of oncoming replication forks as they approach genes,

which may represent a mechanism to prevent HO-TRCs(22). In large chromatin domains,
early origins are enriched at the borders of cell-type-specific topologically associating
domains (TADs) (103), which are themselves high in transcriptional activity, R-loops,

and cis-regulatory units that facilitate transcription throughout the TAD loops extruded
through CTCF-cohesin complexes. Super-resolution microscopy has provided additional
evidence that transcription and CTCF chromatin structure sets replication origins near
TAD borders in G1/S (77). The mechanism(s) by which chromatin impacts replication-
transcription coordination, specifically at TSSs, remain to be fully elucidated. Evidence
suggests that transcription drives epigenetic memory that specifies origins throughout each
cell division. Immediate reloading of transcription factors and RNAP onto the leading strand
of newly replicated DNA promotes the efficient transfer of chromatin-accessible marks (3,
126), which may propagate the epigenetic landscape and indirectly impact transcription
and replication over generations (59) (Figure 3C). Additionally, Ok-seq analysis shows
replication origins occur preferentially at nucleosome-poor enhancers in a transcription-
independent manner (21), suggesting that open chromatin structure may be sufficient for
origin licensing and firing in some cases.

Alterations in chromatin conformation that impact transcriptional processivity could also
elucidate the impact of RNAP status on TRCs. BET bromodomain family proteins,
including BRD2/4, bind acetylated histones to facilitate positive transcriptional elongation.
Paradoxically, inhibition of BET family proteins causes increased nascent transcription
of certain genes linked to replication stress, increased origin firing, and TRCs (13)
(Figure 3A). BRDA4 loss increases R-loops through inhibition of transcription elongation
in S-phase cells, and DNA damage (34, 65). Similarly, HDAC inhibitors open chromatin,
increase transcription of certain highly-expressed genes, and cause replication stress (13).
Whether HDACI causes TRCs is unknown. Both BETi and HDACI have been implicated
in oncogenic transcriptional programming, and several of these inhibitors are promising
anti-cancer targets.
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Chromatin conformation impacting transcriptional processivity might also alter the
propensity of TRCs to occur endogenously within gene bodies. It is unclear whether hyper-
transcription that is associated with modulations in transcriptional speed impacts TRCs.
Genes of varying length could be a model to explore the impact of transcriptional speed

on TRCs, as long genes contain more introns and cotranscriptional splicing events, which
both have been linked to increased transcriptional speed over these regions (56, 137). Ok-seq
and Pu-seq analysis shows increased efficiency of replication origins upstream long genes
(21, 62). Whether or not this is linked to increased transcriptional processivity along these
genes is unknown, but open chromatin linked to transcriptional efficiency may help to
ensure efficient fork progression over long gene bodies. Overall, and with the exception

of R-loops, the transcriptional aspect of TRCs has been less extensively studied than
replication:future studies exploring the impact of transcription dynamics on TRCs could
reveal new contributions to genomic integrity.

6. Future directions and conclusions

Several techniques employing genome-wide mapping of replication fork dynamics have
revealed critical discoveries surrounding the coordination of replication and transcription,
but TRIPn-seq is one of few methods to directly detect transcription and replication
co-occupancy. More nuanced genome-wide analysis of transcription dynamics will be
required to extend our understanding of RNAP occupancy, processivity, and backtracking
status affect TRCs. Novel methods that utilize long-read sequencing will also bring

new information — for example Replicon-seq, which allows single-molecule genome-wide
mapping of fork dynamics and could presumably be extended to analyze DNA mutations
associated with transcription (24). We anticipate that future methods will directly interrogate
TRCs, for example single-molecule super-resolution microscopy or biotin proximity
labeling of transcription and replication factors.

Despite an immense body of work studying replication-transcription coordination, the
impact of TRCs in specific contexts on genomic integrity in humans remains unclear.
Continued efforts to map regions of transcription and replication co-occupancy could reveal
specific sites of DNA damage, mutagenesis, and alterations in gene expression that drive
disease progression, particularly in cancer. Cancer is characterized by dysregulation of
transcription and replication: recent work in TRCs increasingly suggest the transcriptome
drives coordination of these two processes, and TRCs cause genomic instability. Future
work exploring specific mechanisms of unique TRCs and their impact on genomic
instability could elucidate whether inter- or intra-tumor transcriptome heterogeneity
facilitates transcription-replication coordination to evade catastrophic levels of DNA
damage, and reveal novel therapeutic candidates.
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Okazaki fragment sequencing (Ok-seq): Isolation of nucleotide-analog
labeled Okazaki fragments for replication fork and origin dynamics without
temporal resolution

Short nascent strand sequencing (SNS-seq): Isolation of short, nascent
replication initiation intermediates for high-sensitivity replication origin

mapping
Bubble sequencing (bubble-seq): DNA of replicating cells is fragmented

and run on an agarose gel for isolation of non-linear DNAs and replication
bubbles

Initiation-site sequencing (Ini-seq): Isolated nuclei are pulsed with replication
factors, and sequencing of nascent DNA allows for origin analysis

Repli-seq: Cells divide with BrdU analog and are sorted by FACS for cell-
cycle specific temporal resolution of fork dynamics

Polymerase usage seq (Pu-seq): Cells expressing mutant RNaseH and mutant
DNA polymerases promote incorporation of ribonucleotides, allowing alkali
extraction and sequencing of short DNAs

Hydroxyurea: ribonucleotide reductase inhibitor that depletes nucleotide
pools and causes dose-dependent replication stress
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Figure 1.

Genome organization and transcription-replication collisions (TRCs) across species.

A. Codirectional (CD) TRCs occur between the replisome and RNA polymerase (RNAP)
oriented in the same direction on leading-strand DNA. CD-TRCs can occur in to
permutations: RNAP following the replisome on newly-synthesized DNA (Codirectional
TRC - 1), or the replisome following RNAP (Codirectional TRC - 2). Head-on (HO)
TRCs occur between the replisome and RNAP oppositely oriented on lagging-strand DNA.
Co-transcriptional R-loops, RNA:DNA hybrids, are linked to TRCs.

B. Bacterial genomes contain a single replication origin (oriC), and the most highly
transcribed and essential genes are oriented codirectionally with oriC (ref). HO-oriented
genes accumulate mutations, but are essential for bacterial survival. Specifically, lagging-
strand genes are enriched antibiotic resistance and virulence factors.

C. Yeast origins occur at sequence-specific ARS sequences, and forks are blocked at the 3’
end of rRNA gene units by Fob1-replication fork barriers (RFBs). Pif1-family helicases are
required for progression through programmed RFBs in yeast, and more generally the termini
of highly-transcribed gene units such as tRNA genes.

D. Replication origins occur preferentially at transcription start sites (TSSs) of long

and transcriptionally-active genes in mammalian cells, facilitating codirectional movement
through gene bodies. CD-TRCs at TSSs could be endogenous sources of DNA damage
and replication stress in murine lymphocyte models (TRIs as in REF, ERFSs as in

REF), or regions of mitotic replication (G-MiDS as in REF). G4 quadruplex structures

are enriched at TSSs, on lagging strand DNA, and on persistent R-loops. G4s, R-loops,
and topological stress are barriers to replication fork progression. Helicases (DNA and
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RNA:DNA), topoisomerases, and RNases promote fork progression through unprogrammed
barriers.
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Figure2.
Replication dysregulation causes TRCs

A. Short G1 and premature S-phase entry causes increased usage of canonical origins and
over-replication leading to double strand breaks (DSBs) resulting from head-to-tail-fork
collisions from mixed G1- and S-phase forks. (Pfander ref) Cyclin E1 overexpression causes
intragenic origin firing and TRCs linked to fork collapse and genomic rearrangements
(Halazonetis ref), as the result of incomplete MCM redistribution by transcription
machinery. In contrast, low-dose HU causes dormant origin firing at transcription
termination sites of highly-transcribed genes due to MCM clearance of gene bodies by
transcription.

B. Several pathways of replication fork recovery follow TRCs. Replication fork restart by
MUSB81 fork cleavage leads to RAD52/LIG4/POLD3-dependent fork religation. Replication
fork reversal is triggered by MUSB81 cleavage, which activates ATR, which limits excessive
MUS8L cleavage. Replication fork repriming past R-loop and G4 secondary structures
requires PRIMPOL (primase polymerase). Local RNAP removal by ATADS5, RECQ5, or
PNUTS resolves TRCs.
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Figure 3.

Transcription dysregulation causes TRCs

A. Replication and transcription are normally coordinated through several mechanisms
(discussed in section 2). Hypertranscription by oncogenes (HRAS, B-catenin), estradiol,
or BET inhibitors leads to hypertranscription that causes replication stress and TRCs.

MY CN-low neuroblastoma cancer cells are prone to TRCs through defective recruitment
of Aurora kinase and the nuclear exosome to transcribed gene units, resulting in antisense
transcription, genomic instability, and cancer cell death.

B. Senataxin (SETX), yeast homolog Senl, guards against TRCs through multiple
mechanisms: SETX and BRCAL1 resolve R-loops at transcription termination sites (TTSSs);
Senl removes RNAP at TRCs in yeast; SETX prevents against FANCD2- and MUS81-
mediated fork cleavage and mitotic DNA synthesis (MiDAS). C. Transcription on nascent
DNA promotes transfer of epigenetic histone marks, which encourages site-specific origin
firing in subsequent cell cycles.
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