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Replication stress results from obstacles to replication fork progression, includ-
ing ongoing transcription, which can cause transcription-replication conflicts.
Oncogenic signaling can promote global increases in transcription activity,
also termed hypertranscription. Despite the widely accepted importance of
oncogene-induced hypertranscription, its study remains neglected compared
with other causes of replication stress and genomic instability in cancer. A grow-
ing number of recent studies are reporting that oncogenes, such as RAS, and
targeted cancer treatments, such as bromodomain and extraterminal motif
(BET) bromodomain inhibitors, increase global transcription, leading to R-loop
accumulation, transcription-replication conflicts, and the activation of replica-
tion stress responses. Here we discuss our mechanistic understanding of
hypertranscription-induced replication stress and the resulting cellular re-
sponses, in the context of oncogenes and targeted cancer therapies.

Replication stress and hypertranscription in cancer

A major hallmark of cancer is an increased propensity to acquire genomic alterations, known as
genomic instability [1]. Replication stress, or replication-associated DNA damage, which occurs
when DNA replication fork progression in S phase slows or stalls, is an emerging source of geno-
mic instability in cancer [2]. There is a growing interest in targeting oncogene-induced replication
stress as a therapeutic approach in cancer therapy [3]. Expanding research on replication stress
in cancer in recent years has begun to increase our mechanistic understanding of oncogene-
induced replication stress and genomic instability. Deregulation of replication initiation events,
transcription—-replication conflicts, reactive oxygen species (ROS), and altered nucleotide metabo-
lism are all potential causes of replication stress in cancer cells [4]. A new mechanism is now
emerging, where it is becoming increasingly evident that replication stress can result from the
understudied phenomenon of ‘hypertranscription’.

The term hypertranscription was coined in the stem cell biology and developmental biology fields
to describe a scenario where transcription activity by all three RNA polymerases (RNA Pols) is up-
regulated globally across the genome to support stem cell proliferation [5]. Rather than specific
transcriptional programs being activated, the vast majority of all nascent RNA synthesis, including
at ‘housekeeping’ genes, is upregulated to support cell growth and proliferation. Consequently,
hypertranscription describes a relative and not an absolute increase in transcription [5]. Since it
cannot be detected by standard gene expression analyses [5] (Box 1), it has been somewhat
neglected as a form of transcriptional reprogramming or deregulation, especially in cancer.
Over recent years, several studies in neural progenitor cells [6] as well as cancer and non-
cancer cells expressing activated oncogenes [7-9] or treated with transcription-targeting drugs
[10-13] have suggested a link between excessive transcription and replication stress. In this re-
view we focus on recent advances in our understanding of how the transcription machinery is
deregulated by oncogenes and targeted therapies and how this contributes to replication stress
and genomic instability.
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Box 1. Methods for detecting oncogene-induced hypertranscription and replication stress
Detecting transcription-replication conflicts

There are two methods for the detection of replication stress: the DNA fiber assay and detecting the activation of DNA
damage pathways. In the DNA fiber assay, most studies pulse label cells with two thymidine analogs, iododeoxyuridine
(IdU) and chlorodeoxyuridine (CldU), at separate intervals, allowing their imaging by fluorescently labeled antibodies and
the quantification of DNA fiber length (replication fork speed) or replication structures (e.g., terminated or stalled forks).
On the detection of replication stress, cells activate specific kinases involved in the DNA damage response and DNA
damage checkpoint activation. Studies generally focus on changes in the number of yH2AX and/or 53BP1 [7—10] nuclear
foci; however, some studies also use western blotting detection of phosphorylated RPA, CHK1, and ATR [8,9]. A much
more powerful technique examines the enrichment of yH2AX at the genomic level using ChiP-seq. Combining this
technique with transcriptional assays such as RNA-seq or DNA-RNA hybrid immunoprecipitation (DRIP-seq) permits
the mapping of hypertranscription-induced DNA damage [7,8].

Quantify and mapping R-loops

The detection of DNA-RNA hybrids or R-loops predominantly relies on the DNA-RNA hybrid (S9.6) antibody [117], which
can detect RNA/DNA hybrids using a slot blot of genomic DNA [9], immunofluorescence quantification of S9.6 intensity
in nuclei [9], and DRIP-seq [7,8]. As mentioned earlier, DRIP-seq is a powerful technique to measure hypertranscription-
induced replication conflicts, although the lack of cell-number normalization, the antibody specificity in vivo, and subtle
protocol differences may reduce the robustness of this procedure [118].

Quantifying hypertranscription

There are a variety of methods used to study hypertranscription [5]. The most widely employed method utilizes the incor-
poration of the ribonucleotide analog 5-ethynyl uridine (EU) allowing nascent RNA quantification at the single-cell level
using fluorescence microscopy or flow cytometry [5-10]. Although a simple yet powerful technique, this RNA quantifica-
tion method does not strictly reflect the precise definition of hypertranscription, since the precise source of nascent tran-
scription is undefined. Steady-state RNA quantification from equal numbers of cells using the Qubit or Bioanalyzer
application has similar caveats. Precise quantification and mapping of hypertranscription requires RNA-seq combined with
either spike-in RNAs or cell-number normalization [5]. Nascent RNA-seq technologies such as global run-on sequencing
(GRO-seq) [119], precision nuclear run-on sequencing (PRO-seq) [120], and native elongating transcript sequencing,
(NET-seq) [121] have in-built normalization and detect the transcriptional output of all RNA Pols.

Oncogenes induce hypertranscription

Activation of oncogenes and oncogenic signaling pathways drives proliferation and cell growth.
The additional demands of cell growth are accommodated by oncogene-induced hyperactivation
of the basal transcription machinery. A central hallmark of neoplastic transformation is therefore the
deregulation of transcription by all three RNA Pols [5,14-16]. In eukaryotic cells, RNA synthesis is
performed by RNA Pol |, RNA Pol Il and RNA Pol lll, which transcribe a unique set of genes and
genomic regions. RNA Pols are recruited by the distinct arrangement of general transcription
factors (GTFs) that recognize their respective promoters [17,18]. GTFs are essential for the forma-
tion of the pre-initiation complex (PIC), which facilitates DNA opening and the ability of RNA Pols to
initiate basal RNA transcription. While RNA Pols and their constitutive GTFs are rarely mutated in
cancer [15], many GTFs are consistently overexpressed and hyperactivated in tumors, contributing
to malignant transformation [15,16,19,20].

Oncogenic pathways such as RAS-ERK and PISK-mTOR drive cell proliferation and
hypertranscription by phosphorylating GTFs involved in RNA Pol | and Il transcription [19,20]
(Figure 1A,C). rRNA synthesis by RNA Pal | requires both UBF1 and the SL1 complex to mediate
RNA Pol | recruitment, promoter binding, and PIC formation [21-24]. Additionally, UBF1 and SL1
help to mediate RNA Pol | transcription elongation in combination with other RNA Pol I-specific
elongation factors [25,26]. Overexpression of RRN3 [27] or TBP [28], components of the SL1 com-
plex, is sufficient to increase rRNA synthesis, illustrating how MYC can promote rRNA transcription.
ERK1/2 phosphorylates UBF1 and RRNS, facilitating their ability to recruit additional basal transcrip-
tional machinery [29,30]. Similarly, the PI3K pathway can promote RRNG and UBF1 phosphorylation
directly through PISK [31] or indirectly through AKT, mTORC1, and CK2 activation [31-33]
(Figure 1A).
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Figure 1. Oncogene-induced hypertranscription. (A) Schematic of growth factor signaling pathways downstream of
RAS and PI3K and the regulation of RNA polymerase | (Pol I). UBF1 recruits the SL1 complex and RRN3, mediating RNA
Pol | recruitment and promoter binding. UBF1 phosphorylation increases UBF1-Pol | binding. Phosphorylation of RRN3
allows its release from RNA Pol and relieves promoter-proximal pausing. Both UBF1 and SL1 help to mediate elongation
in combination with other RNA Pol I-specific elongation factors. (B) Recruitment and activation of RNA Pol Il is aided by a
preinitiation complex (PIC) formed by the general transcription factors (GTFs) TFIIDA, B, F, E, and H. RNA Pol I
phosphorylation on serine 5 of its C-terminal domain (CTD) by TFIIH facilitates the transition from initiation to elongation.
Bromodomain-containing protein 4 (BRD4) recruits P-TEFB from its inhibitory 7SK complex, allowing phosphorylation of

(Figure legend continued at the bottom of the next page.)
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Oncogene activation also stimulates RNA Pol Il activity, altering the expression and activity
of many GTFs and transcription factors, such as TBP [34] and C-MYC [35,36] (Figure 1B).
C-MYC is also the most frequently amplified gene across all cancer cell types [37]. As a GTF
and a constituent component of all RNA Pol PICs, TBP also facilitates RNA Pol | [28], RNA
Pol 11 [9], and Pol Il [28] -dependent transcription, and it is known to contribute to cellular trans-
formation [38]. As a transcription factor, C-MYC is a universal mediator of hypertranscription
[39,40], regulating the transcription of the vast majority of the human genome, especially genes
involved in ribosome biogenesis, protein translation, cell-cycle progression, and metabolism
[41,42]. C-MYC directly regulates RNA Pol Il target genes that encode RNA Pol | and Pol Il
subunits or GTFs, such as TBP, RRN3 [43], UBF1 [43,44], and BRF1 [45]. C-MYC also
promotes RNA Pol | and Pol Il transcription through the interaction with their respective
basal transcriptional apparatus [42]. RNA Pol Il elongation is further controlled by direct phos-
phorylation of the C-terminal domain (CTD) of its RPB1 subunit [46]. The CDK7 subunit of
TFIIH, the CDK9 subunit of TFIIH, and the CDK9 subunit of P-TEFb phosphorylate serines 5
and 2, present in repeated heptads, to regulate the transition from the initiation to the elonga-
tion phase of transcription [18]. Increased P-TEFb activity could play a role in oncogene-
induced replication stress.

RNA Pol lll transcribes 5S rRNA, tRNA, and other small RNAs involved in RNA processing and
translation. The initiation of basal RNA Pol lll transcription converges on TFIIIB recruitment to
the PIC, which in turn recruits RNA Pol Il and facilitates promoter opening [47]. TFIIB is a
multisubunit GTF comprising BRF1 or BRF2, BDP1, and TBP, each of which is critical for RNA
Pol Il transcription. ERK enhances the function of TFIIB by phosphorylating and activating
BRF1 to stimulate RNA Pol lll-dependent transcription of 5S rRNA and tRNA genes [48]. A
major regulator of RNA Pol Il transcription (and potentially RNA Pol | and ll) is the transcriptional
corepressor MAF1, which directly interacts with RNA Pol Il and inhibits the assembly of TFIIB by
TFIIC [49]. PIBK-mTORC1 and MAPK-ERK phosphorylation of MAF1 alleviates its ability to inhibit
RNA Pol lll, permitting transcription [50-52] (Figure 1C).

Oncogene-induced hypertranscription causes replication stress

Transcription can pose obstacles to replication fork progression and thus has the potential to cause
replication stress. Replication stress results from an inability to complete genome replication; for
example, due to replication fork slowing, stalling, or collapse or a lack of backup sites for replication
initiation. Oncogene activation can induce replication stress through a number of mechanisms
related to increased proliferation; these include aberrant replication initiation, increased ROS, altered
nucleotide metabolism, and hypertranscription [4]. For example, overexpression of the proto-
oncogene CYCLIN E, required for the G1 to S phase transition, has been shown to cause replica-
tion stress through changes to replication initiation [53,54]. Similarly, H-RAS activation [55] and
C-MYC overexpression [56] both increase replication initiation and replication stress.

Alternatively, increases in transcription activity can underlie oncogene-induced replication stress.
Recent work has highlighted that hypertranscription may underlie transcription—-replication
conflicts in the context of oncogene activation. Introduction of the oncogene H-RAS"'? into

RNA Pol Il CTD serine 2 and transcriptional elongation. Oncogenic signaling stabilizes MYC through direct phosphorylation or
preventing GSK3-directed degradation, allowing MYC to recruit coactivators to target genes. Oncogenic activation of RNA
Pol Il increases the expression of GTF and RNA Pol subunits involved in RNA Pol |-, Il-, and lll-dependent transcription.
(C) RNA Pol lll transcription initiation requires TFIIIC binding at tRNA genes or TFIIIA and TFIIIC binding at 5s rRNA genes.
TFIIC recruits TFIIIB, comprising BRF1 or BRF2, BDP1, and TBP, which in turn recruits RNA Pol lil. Oncogenic signaling
activates BRF1 and inhibits the RNA Pol Il transcriptional repressor MAF1. Abbreviations: RNAP, RNA polymerase; TF,
transcription factor.
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human BJ fibroblasts increases global transcription activity. Together with increased R-loop
levels, this results in replication fork slowing, DNA damage, and markers of genomic instability
[9]. Hypertranscription and replication stress are both linked to H-RASY'2-induced increase
in TBP mRNA and protein levels. Depletion of TBP, small-molecule inhibition of nascent
transcription, or overexpression of RNase H1, an endonuclease that specifically degrades
the RNA in RNA-DNA hybrids, all counteract H-RAS"'2-induced replication stress [9]. As
TBP is involved in the activation of all three RNA Pols, it will be interesting to investigate the
roles of other, more specific GTFs, as well as RNA Pol | and Pol lll, in oncogene-induced
replication stress (Figure 2A).

A parallel study showed a similar mechanism using estrogen (E2, 17b-estradiol) stimulation of
hormone-starved MCF7 breast cancer cells (Figure 2B). Estrogen had previously been shown
to induce features of hypertranscription in MCF7 cells, including upregulation of RNA Pol | and
Pol Ill [57]. Estrogen increases global transcription activity as measured by 5-ethynyl uridine
(EU) incorporation and stimulated the formation of R-loops (Box 2) at estrogen-responsive
genes [7]. R-loops colocalize with DNA damage markers, and ectopic expression of RNase H1
to suppress R-loop formation reduced estrogen-induced DNA damage and double-strand
breaks (DSBs) [7]. At least some estrogen-induced damage is DNA replication dependent,
suggesting transcription—replication conflicts [7].
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Figure 2. Oncogenic signaling pathways induce transcription and replication stress. (A) H-RAS activation increases global RNA synthesis, at least in part
through increased expression of the general transcription factor (GTF) TBP. Elevated RNA synthesis is accompanied by an increase in R-loops and by replication
stress. TBP activates all three RNA polymerases (RNA Pols); thus, RAS-induced replication stress could result from increased RNA synthesis by RNA Pol | and Pol IlI
as well as Pol Il. (B) Estrogen activates the estrogen receptor (ER) transcription factor, causing a rapid burst in transcription at a large number of responsive genes,
including those transcribed by RNA Pol | and Pol lll. This is accompanied by increased R-loop formation, replication stress, and DNA breakage. (C) Expression of the
EWS-FLI1 fusion oncoprotein, which drives Ewing sarcoma, increases RNA Pol Il C-terminal domain (CTD) phosphorylation via an unknown mechanism. Ewing
sarcoma cell lines, or cell lines expressing EWS-FLI1, display increased RNA synthesis, increased R-loops, and replication stress. (D) Knockout of the Hippo pathway
LATS1/2 kinases leads to hypophosphorylation and nuclear translocation of the YAP/TAZ transcriptional coactivators. Nuclear YAP/TAZ interact with TEAD
transcription factors to strongly increase nascent RNA synthesis by RNA Pol | and Pol Il, which promotes replication stress. Abbreviation: RNAP, RNA polymerase.
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Box 2. Hypertranscription, R-loops, and replication stress

R-loops are three-stranded DNA:RNA hybrids that can form during transcription, when the nascent RNA rehybridizes
with the template DNA, leaving a displaced homologous ssDNA [122]. Generally, R-loop formation is favored in RNA
Pol ll-dependent genes at structural or sequence features such as negative supercoiling, high GC content, and DNA
nicks [101,123]. R-loops are important regulators of gene expression, DNA replication, and DNA repair [101,123];
however, unscheduled and persistent R-loops are a source of DNA replication stress, DNA damage, and genome
instability [101]. Mechanistically, R-loops are very stable hybrids that can lead to conflicts with replication through
the physical restriction of replication fork movement [124]. Inhibition of replication [125-127] or transcription [9] or
overexpression of RNase H1, an endonuclease that specially degrades RNA in R-loops [7-9], reduces R-loop levels
and alleviates replication stress. R-loops have been linked to DNA damage, and ectopic expression of RNase H1
can lower yH2AX levels [128,129]. R-loop-dependent damage can be both replication dependent and replication
independent [130].

R-loops can occur through increased synthesis of both coding and noncoding RNA. Depletion of SPT6, a transcription
elongation factor, interferes with the termination of noncoding transcription and enhances the synthesis of extended-
length long noncoding RNA (IncRNA) [131]. This extended IncRNA is more prone to the accumulation of R-loops, which
promotes replication stress and DNA damage. This underlines the importance of transcription regulation in regulating
R-loop levels to ensure minimal damage and genomic instability [131].

The role of R-loop accumulation in replication stress is an emerging field and it has been shown that R-loop-induced
replication stress can be observed outside the immediate context of oncogene activation. SMARCAL1 is a protein involved
in transcriptional regulation and the processing of DNA structures, mutations of which cause Schimke immuno-osseous
dysplasia. The loss of SMARCAL1 leads to an increase in R-loop formation as well as increased yH2AX [132]. Homozy-
gous loss of TOP3B, a topoisomerase involved in relaxing negatively supercoiled DNA, also causes excessive R-loop
and RAD51 focus formation combined with an increase in genomic instability. TOP3B loss is potentially associated with
renal cancer [133]. Loss of Polycomb group transcriptional repressor proteins such as BMI1 or RNF2, which keep chro-
matin in a silenced state, slows replication fork progression and leads to increased 53BP1 focus formation and genomic
instability [134]. The p53 inhibitor and proto-oncogene MDM2 also interacts with the Polycomb repressive complex.
Depletion of MDM2 leads to an increase in R-loops, which was associated with replication fork slowing and increased
yH2AX formation [135].

Likewise, the EWS-FLI1 fusion oncoprotein, which causes Ewing sarcoma, has been suggested
to increase RNA Pol Il occupancy and transcription-associated R-loops genome wide [8]. Again,
overexpression of RNase H1 reduces R-loop accumulation and ataxia telangiectasia and Rad3
related (ATR) activation while increasing proliferation, suggesting R-loop-induced replication
stress [8]. The interpretation of these data is complicated by the fact that some experiments
were performed using a model for inducible EWS-FLI1 expression while others were performed
using Ewing sarcoma cell lines, which makes it difficult to ascribe all observations directly to
EWS-FLI1. EWS-FLI1 increases transcription and R-loop formation through an unknown
mechanism; however, Ewing sarcoma cell lines contain high levels of phosphorylated RNA
Pol Il [8]. Therefore, it could be speculated that EWS-FLI1 increases R-loops through elevated
RNA Pol Il transcriptional elongation (Figure 2C).

Several other oncogenes are associated with increased replication stress, although the involve-
ment of hypertranscription is only now becoming apparent. When the genes encoding the
Hippo pathway kinases LATS1 and LATS2 are conditionally deleted during mouse brain develop-
ment, this leads to activation of the main Hippo pathway transcription coactivators YAP/TAZ and
increased nascent transcription in neural progenitor cells. This hypertranscription triggers replica-
tion stress and DNA damage, inhibiting differentiation and causing widespread apoptosis [6]. This
study stands out by performing a thorough nascent transcriptome analysis that nicely illustrates
the features of YAP/TAZ-induced hypertranscription, although it did not measure R-loop forma-
tion (Figure 2D). In contrast to other studies, transcription inhibition was unable to rescue slow
replication fork progression and only rescued fork stalling [6]. Given these findings, it seems rea-
sonable to suspect similar hypertranscription and replication stress phenotypes in cancers where
YAP and TAZ are mutually amplified or activated [58].

6  Trends in Cancer, Month 2021, Vol. xx, No. xx
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Hypertranscription in targeted cancer treatment

While oncogenes can increase transcription, targeting transcription is an exciting avenue for
cancer therapy. Targeted therapeutics have been developed to inhibit transcription factors
[16,59], CDK7 [60], CDK9 [61], CDK12 [62], BET proteins [63], and histone deacetylases
(HDACS) [64]. BET proteins and HDACs are interesting therapeutic targets: they both focus on
a post-translational modification (PTM), lysine acetylation, and their inhibitors (BETi and HDACI)
can both cause hypertranscription and replication stress. Histone acetylation levels are antago-
nistically governed by histone acetyltransferases (HATs) and HDACs and regulate chromatin
structure, DNA accessibility, and transcriptional permissiveness [65,66] (Figure 3A). Although a
direct link between histone acetylation and hypertranscription is lacking, in general terms
transcriptional output correlates with histone acetylation levels [67]. Histone lysine acetylation
decreases nucleosome interactions with negatively charged DNA to loosen chromatin [68,69]
and acts as docking site for bromodomain-containing transcriptional activators, such as
bromodomain-containing protein 4 (BRD4) [70] (Figure 3A). Similar to oncogenes, BETi and
HDACI can cause hypertranscription and replication stress and the associated DNA damage
responses.
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Figure 3. Targeted epigenetic therapies induce transcription-replication conflicts. (A) Histone acetyltransferases (HATS) acetylate chromatin, leading to less
compacted chromatin and transcriptional activation. Bromodomain and extraterminal motif (BET) proteins function as transcriptional coactivators and are recruited to
acetylated lysines on histone tails. This aids the recruitment of transcription factor complexes such as P-TEFb to activate the transcription of downstream genes.
Histone deacetylases (HDACs) remove acetylation, compacting chromatin, which can lead to transcriptional silencing. (B) Small-molecule inhibitors that interfere with
transcription, including BET inhibitors (BETis), HDAC inhibitors (HDACis), and HMDA, can release P-TEFb from its inhibitory complex with HEXIM1-7SK and increase
the activation of RNA polymerase Il (Pol Il) via C-terminal domain (CTD) phosphorylation. When BET proteins are inhibited, active P-TEFb can still be recruited by the
super-elongation complex (SEC). Increased RNA synthesis can be accompanied by transcription—replication conflicts leading to replication stress. (C) Inhibition or
depletion of bromodomain-containing protein (BRD) 4 and BRD2 leads to accumulation of R-loops and associated replication stress. BRD4 is proposed to prevent the
buildup of R-loops by promoting the transition of paused to elongating RNA Pol I, and BRD2 suppresses R-loops by stimulating the activity of TOP1. Inhibition of
HDAC with trichostatin A (TSA) or suberanilohydroxamic acid (SAHA) also causes accumulation of R-loops and replication stress. A recent model suggests that the
HDAC1/2 corepressor complex and the THO RNA processing complex interact to suppress co-transcriptional R-loop accumulation. Abbreviation: RNAP, RNA
polymerase.
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BET is induce transcription—replication conflicts

The BET bromodomain proteins, comprising BRD2, BRD3, BRD4, and BRDT [71], are transcription
regulators that recruit larger protein complexes including transcription factors [72]. BRD4 and BRDT
are key regulators of transcriptional elongation by recruiting P-TEFb [73]. Cell-permeable small-
molecule BETis such as JQ1 were developed to open a potential new way to target oncogenic tran-
scription. BETis bind competitively to BET bromodomains and prevent their recognition of acetylated
lysines, which in turn leads to loss of P-TEFb recruitment, reduced CDK9 phosphorylation of RNA Pol
Il, DSIF, and NELF resulting in RNA Pol pausing, and reduced transcriptional elongation at genes
like MYC [74]. Additionally, BETis disrupt the 7SK inhibitory complex of P-TEFb, increasing
free and active P-TEFb [75,76] and the transcription of highly expressed histone and noncoding
RNA genes [10,77] (Figure 3B). In preclinical studies, BETis have potential anticancer applications
including decreased MYC expression [63,74,78], increased replication stress [10-12,79], and
altered DNA damage checkpoint activation and repair [80-83].

Despite being designed to target transcription, BETis cause replication fork slowing [79]. Recent
mechanistic studies suggest that BET inhibition as well as loss of BRD4 or BRD2 can induce
replication stress both through hypertranscription and increased R-loop formation [10-13]
(Figure 3B,C). BETi treatment increases nascent RNA synthesis early (within 1 h) during treatment
across a range of cell lines, although some cell types did not display this response. This was
ascribed to increased transcription of highly transcribed histone and other non-polyadenylated
noncoding RNA genes. Further investigation demonstrated hypertranscription-induced replica-
tion stress and linked this to specific loss of BRD4 activity [10]. Increased R-loop formation
and replication stress has also been shown following JQ1 treatment and siRNA depletion of either
BRD4 or BRD2 in Hel_a (cervical adenocarcinoma), HCT116 (colorectal carcinoma), and U20S
(osteosarcoma) cell lines [11-13] (Figure 3C). It is important to note that increased R-loop forma-
tion is not necessarily linked to a burst of hypertranscription, as other mechanisms have been
postulated. For example, loss or inhibition of BRD4 prevents the transition of paused to elongating
RNA Pol Il, leading to the buildup of R-loops [13], and BRD2 suppresses R-loops by interacting
with and stimulating the activity of TOP1 [12].

HDAC inhibition causes replication stress

HDACIis have been developed with the aim of specifically killing cancer cells. The most widely
studied class 1 HDACs (HDAC1, HDAC2, and HDACQ) are the most highly expressed and the
main targets of these drugs. The HDACis suberanilohydroxamic acid (SAHA) and depsipeptide
have been approved for cutaneous T cell ymphoma [84]; however, HDACis have as yet proved
ineffective against solid tumors [64]. HDACs and HATs are implicated in cell cycle regulation,
apoptosis, and the DNA damage response [85]. HDACis have pleiotropic effects in cancer
cells, with cell death attributed to intrinsic and extrinsic apoptosis activation, impaired DNA
replication, replication stress, and a reduced DNA damage response [85,86].

While HDACs are considered transcriptional repressors, loss of HDAC activity leads to both
up- and downregulation of gene expression [87]. HDACis can also promote the release of
active P-TEFb through the same mechanism as BETis, which may stimulate nascent RNA synthe-
sis [88] (Figure 3B). Treatment with SAHA [89] and specific inhibition or loss of HDAC1/2 [90] and
HDACS [91,92] leads to rapid replication-fork slowing and replication stress responses. HDAC3
inhibition slows fork speeds as early as 5 min after addition of the drug [91]. In addition, stress is
induced without changes in the expression of DNA replication or DNA damage response (DDR)
genes, suggesting direct roles for HDACs in maintaining replication fork progression [90]. There
are several potential ways by which chromatin changes after loss of HDAC activity might directly
perturb DNA replication, such as altered origin firing [93] or accumulation of DNA damage [90]. It
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is noteworthy that other histone modifiers, including HATs [94,95], as well as chromatin remodelers
and histone chaperones are required for normal replication fork progression and the resolution
of transcription-replication conflicts [96,97]. However, hypertranscription has not yet been
considered as a potential mechanism and only one study has examined the loss of HDAC
activity and transcription—replication conflicts. Loss of SIN3A, an essential scaffold subunit of the
SIN3A HDAC1/2 corepressor complex, or HDAC inhibition with SAHA or trichostatin A (TSA)
increases R-loop levels in Hela cells. SIN3A depletion leads to transcription- and R-loop-
dependent genome instability, potentially as a consequence of replication fork stalling [98]
(Figure 3C). Thus, further studies are required to clarify the mechanistic link between chromatin
structure, acetylation status, and transcription—replication conflicts.

Replication stress responses under conditions of hypertranscription

Replication fork slowing or stalling has the potential to generate extensive stretches of single-
stranded DNA (ssDNA), which recruits and activates the replication stress response kinase
ATR. ATR phosphorylates a number of downstream targets including checkpoint kinase check-
point kinase 1 (CHK1) and histone H2AX (yH2AX), which aid fork stabilization and fork restart [99]
(Figure 4A). A subsequent collapse of stalled forks generates DSBs, leading to the extensive
recruitment of DSB response factors such as 53BP1 and BRCA1 to initiate DNA repair pathways
[100]. One such pathway is homologous recombination (HR), which may play important roles in
the response to hypertranscription-induced replication stress [8,10] and R-loop-induced
DSBs [101]. HR can promote the restart of stalled replication forks and repair DSBs and
ssDNA gaps [102,1083]. RAD51 recombinase, the central HR protein, also promotes replication
fork regression into a four-way Holliday junction or ‘chicken-foot’ structure (Figure 4B). This
slows fork progression and could allow time for replication blocks to be removed [104]. In
response to replication stress, RAD51 forms visible nuclear foci, which seem to be specific to
the repair of single-stranded gaps and DSBs, while RAD51 functions at stalled forks do not
involve focus formation [102,103].

Hypertranscription induced by estrogen, by H-RASY'2, and in Ewing sarcoma cell lines is asso-
ciated with typical replication stress responses, including ATR, replication protein A (RPA), and
CHK1 phosphorylation and increased numbers of yH2AX and 53BP1 foci, indicating DSB forma-
tion [7-9] (Figure 4A,B). Estrogen-induced yH2AX foci and DSBs are both enriched at R-loops,
supporting transcription—replication conflicts and replication fork collapse [7]. Ewing sarcoma
cells also display these DNA damage responses, as well as high levels of spontaneous RAD51
foci compared with controls (Figure 4B). However, they have an impaired ability to further activate
HR in response to ionizing radiation. Expression of the EWS-FLI1 fusion oncoprotein in U20S
cells significantly reduces the ability to use HR for DSB repair in a reporter construct. This is
restored on BRCA1 overexpression or the depletion of 53BP1. This inability to repair DSBs
could potentially be directly linked to the sequestration of BRCA1 to elongating transcription
machinery and R-loops, through its interaction with phosphorylated RNA Pol Il in an EWS-
FLI1-dependent manner. This prevents BRCA1-dependent removal of 53BP1 to facilitate
the transition from NHEJ to HR [8]. The EWS-FLI1 oncoprotein thereby indirectly inhibits HR.
Interestingly, oncogenic H-RAS"'2 also inhibits HR by downregulating BRIP1 expression, thus
promoting BRCA1 dissociation from chromatin [105] (Figure 4A).

Replication stress response to BETis and HDACis

BETis, and the depletion of BRD4, are unusual in that they do not always activate a replication
stress response despite fork slowing (Figure 4C). Neither the formation of RPA nor yH2AX foci
is observed during BETi-induced fork slowing in U20S cells [10]. BET inhibition and BRD4 deple-
tion have been reported to suppress ATR signaling in U20S cells [80]. OVCARS cell lines also
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Figure 4. Replication stress responses during hypertranscription. (A) Activated H-RAS and estrogen receptor (ER)
induce canonical replication stress responses. However, homologous recombination (HR) becomes inactivated during
RAS-induced senescence due to downregulation of BRIP1 expression, which in turn leads to loss of BRCA1 recruitment.
As BRCA1 is required for end resection and RAD51 loading, this results in the suppression of HR. (B) Hypertranscription
induced by EWS-FLI1 is accompanied by canonical replication stress responses and increased RAD51 recruitment into
nuclear foci. However, the additional activation of HR [e.g., at DNA double-strand breaks (DSBs)] is suppressed, possibly
because BRCA1 is sequestered at excessive R-loops. (C) Short-term bromodomain and extraterminal motif (BET) inhibitor
treatments (1-8 h) induce cell line-specific replication stress responses. Despite replication fork slowing, the U20S and
OVCARRS cancer cell lines do not display extensive replication protein A (RPA) recruitment or ataxia telangiectasia and
Rad3 related (ATR) activation. This could be due to a lack of single-stranded DNA (ssDNA) formation as well as inhibition
of ATR signaling by the BET inhibitor treatment. However, RAD51 is recruited and forms foci, suggesting that extensive
stretches of ssDNA are present. By contrast, HeLa and HCT116 cells display normal ATR activation, which could suggest
that more DNA damage is induced and/or ATR is not inhibited. It is currently unknown whether RAD51 is activated under
these conditions. (D) Long-term BET inhibitor treatments (12-72 h) induce DNA damage and activate the DNA damage
response. They also lead to inactivation of HR due to downregulation of the gene expression of RAD51 and RBBPS (CTIP;
involved in end resection during HR). (E) Histone deacetylase (HDAC) inhibition (4-24 h) suppresses HR by reducing
protein levels of RAD51 as well as other HR factors such as BRCA1 and BRCA2, which are required for RAD51 loading.
HDAC inhibition can also prevent the recruitment of BRCA1 to DSBs. Replication stress responses are simplified for clarity
and omit, for example, ATM, which phosphorylates histone H2AX in response to DSBs. Abbreviation: RNAP, RNA
polymerase.
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show JQ1-induced suppression of DNA damage signaling, which was ascribed to downregula-
tion of TOPBP1 and WEET expression [81]. Furthermore, comet assays to directly measure DNA
breaks show little or no DNA damage induction by JQ1 [83,106]. Nevertheless, a recent study re-
ported an opposite effect where yH2AX was increased after JQ1 treatment in U20S cells [12]. In
other cancer cell lines, such as HeLa and HCT116, JQ1 and BRD4 loss can induce DNA damage
signaling. In these reports, DNA fiber assays suggest no fork slowing but severe fork stalling,
and therefore the nature of transcription—replication conflicts occurring under these conditions
is uncertain [11,13]. The impact of BETis in increasing transcription and replication stress is
cell-line dependent and is likely to be influenced by other factors that remain to be investigated.
So far, only a limited number of cell lines has been investigated, and there is no clear correlation
with genetic alterations related to the DNA damage response, such as p53 loss or alternative
lengthening of telomeres.

RADS51 can promote fork regression and slow fork speeds at low levels of replication stress where
there is no ATR activation [104]. Even when not activating ATR, BETis still cause RAD51 focus
formation and RAD51-dependent replication fork slowing, which is required to prevent a BETI-
induced DNA damage response. Other factors involved in fork regression, SMARCALT,
ZRANBS3, and PARP activity, are also required for BETi-induced fork slowing [10]. This suggests
that BETis may induce fork regression, which may help to prevent DNA damage. Interestingly,
longer treatments with BETis induce loss of HR proficiency across a number of cell lines due to
repression of the RAD57 and RBBP8 (CTIP) genes [82,83] (Figure 4D). These data suggest
that early during BETi treatment, transcription—-replication conflicts activate a HR response that
is then followed by the suppression of HR protein expression and loss of HR proficiency. It has
been suggested that RNA synthesis and R-loop formation at the damage site is directly required
for HR [107,108]. It might therefore be speculated that hypertranscription could facilitate this
mechanism and thereby stimulate the RAD51 focus formation observed early during BETi treat-
ment or after the activation of EWS-FLI1 [8,10]. It is also possible that downregulation of recom-
bination factors is a way for cells to adapt to long-term dysregulated RNA synthesis under these
conditions.

Like BET inhibition, HDACis can suppress the replication stress response, including cell-cycle
checkpoint signaling [86]. As with BETis, there are conflicting results, with some reports showing
HDACis having no effect on fork speeds [86] or promoting RAD51 focus formation [90]. Histone
acetylation is pro-recombinogenic and HDACis could be suspected to promote HR. However,
prolonged HDAC inhibition (4-24 h) appears to consistently suppress HR by reducing protein
levels of RAD51, as well as other HR factors such as BRCA1 and BRCA2 (Figure 4E) [86,109].
Inhibition of HDAC1/2 has also been reported to inhibit the recruitment of HR factors to
DSBs [110].

Concluding remarks

In conclusion, recent work has revealed that increased transcription can be a mechanism of
oncogene-induced DNA damage, providing a molecular link between upregulation of the
transcription machinery and genomic instability in cancer. This model is currently positioned
alongside alternative or additional explanations such as altered nucleotide metabolism [111]. It
will be interesting to investigate the impact on additional oncogenic signaling pathways such as
PIBK/mTOR on hypertranscription and replication stress (see Outstanding questions).

Furthermore, recent developments suggests that cancer therapeutics can cause
hypertranscription-induced replication stress as well. It is an unanswered question how inhibition
of BET proteins and HDACs is toxic for cancer cells more than for non-cancer cells, as these
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Outstanding questions

How common is the induction of
hypertranscription-associated replica-
tion stress in different oncogenic sig-
nalling pathways or the loss of tumor
suppressors?

What are the individual contributions
of RNA Pol I, I, and Il to
hypertranscription-induced replica-
tion stress?

What is the relationship between
hypertranscription and increased
R-loop formation?

What are the mechanisms behind the
apparent cell line-specific differences in
BET inhibitor-induced hypertranscription
and replication stress?

To what extent does hypertranscription
contribute to replication-independent
DNA damage?

Is the inhibition of homologous
recombination a universal cellular
response to hypertranscription-induced
replication stress and could this have
implications for cancer treatment?
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targets regulate global transcription. Understanding the role of BET proteins and HDACs in
preventing transcription—replication conflicts could be vitally important for therapeutic targeting in
the future. Currently, conflicting results obtained with both types of inhibitors highlight the
importance of paying attention to treatment conditions and cell type.

Many of the key studies cited here showed that hypertranscription-associated DNA damage oc-
curs predominantly in S phase, but replication-independent DNA damage was also observed
[7,9,11-13]. Hypertranscription may therefore also increase transcription-associated DSBs.
These can result from abortive action of DNA topoisomerases, mainly in regulatory elements
[112—-114]. They can require RAD51 for repair and, if unrepaired, contribute to genomic instability
[114-116]. However, some studies reported no link between transcription levels and DSB forma-
tion [115,116]. This would require further investigation; for example, by testing whether
hypertranscription alters the frequency or genomic location of DSBs induced by the DNA topo-
isomerase 2 inhibitor etoposide [112].

Finally, the inhibition of HR that has been frequently observed in the cited studies is an intriguing
finding that raises the question of whether downregulation of HR could be a general response to
hypertranscription. Another unanswered question is whether increased R-loop formation consti-
tutes a good indicator of hypertranscription, as R-loops could also be increased through loss of
R-loop-suppressing activities. We suggest that it may be useful to measure nascent transcription
in addition to R-loop levels when investigating transcription—replication conflicts.
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