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Abstract

DNA damage interferes with the progression of transcription machineries. A tight coordination of
transcription with signaling and repair of DNA damage is thus critical for safeguarding genome
function. This coordination involves modulations of chromatin organization. Here, we focus on the
central role of chromatin dynamics, in conjunction with DNA Damage Response (DDR) factors, in
controlling transcription inhibition and restart at sites of DNA damage in mammalian cells. Recent
work has identified chromatin modifiers and histone chaperones as key regulators of
transcriptional activity in damaged chromatin regions. Conversely, the transcriptional state of
chromatin before DNA damage influences both DNA damage signaling and repair. We discuss the
importance of chromatin plasticity in coordinating the interplay between the DDR and
transcription, with major implications for cell fate maintenance.

Keywords

DNA damage; transcription regulation; transcription coupled repair; histone dynamics; chromatin
modifications; genome integrity

Introduction

Our genome is constantly assaulted by genotoxic agents, which not only compromise the
integrity of DNA and its packaging into chromatin [1] but also perturb cell transcriptional
programs by interfering with the progression and function of transcription machineries [2,3].
If left unrepaired, DNA damage can lead to the production of aberrant transcripts or to
prolonged transcription inhibition, with adverse cellular outcomes including cell death and
disease. A tight control of transcription, in close coordination with signaling and repair of
DNA damage, is thus critical for safeguarding cellular functions.

In this review, we focus on the central role of chromatin dynamics, in conjunction with DNA
Damage Response (DDR) factors, in regulating transcription at sites of DNA damage in
mammalian cells.
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Role of DDR factors in transcriptional regulation of damaged genes

In addition to regulating the expression of stress-responsive genes, DNA lesions result in
transcriptional inhibition in damaged chromatin regions, which is critical to avoid
interference between transcription and repair machineries [2]. DNA damage-induced
transcriptional arrest is rapid and transient, as initially revealed by analyzing the
incorporation of radiolabeled uridine analogs into nascent transcripts in UltraViolet (UV)-
irradiated human fibroblasts [4]. Such control of transcriptional activity is localized to sites
of DNA lesions, as shown by irradiating cells through micropore filters [5], and recovery of
RNA synthesis after UV damage is dependent on proficient UV damage repair [4,5]. This
response is not restricted to UV damage as RNA synthesis is also excluded from yH2A.X
foci forming upon exposure of cells to ionizing radiation (IR), a DNA Double-Strand Break
(DSB) inducing agent, suggesting that transcription is also suppressed at DSB sites [6].
Profiling RNA polymerase 1l (RNAPII) occupancy and nascent transcript production in the
vicinity of the breaks showed that transcription is inhibited at damaged genes or at genes
immediately adjacent to DSBs induced by site specific endonucleases [7-9]. In addition to
impacting RNAPII transcription, DNA damage also inhibits the synthesis of ribosomal RNA
by RNAPI in mammalian cells [10,11] but the underlying mechanisms deserve further
investigation.

Identifying the molecular players regulating transcription in damaged chromatin has been
the focus of intense research, providing evidence for the existence of repair factors dedicated
to the repair of DNA lesions in transcribed genes. Cells have indeed developed specific
pathways for rapid removal of DNA lesions on the transcribed DNA strand, called
Transcription Coupled Repair (TCR), primarily characterized in the context of Nucleotide
Excision Repair of UV damage (reviewed in [2,12,13]), and recently described after DSB
induction in yeast [14]. UV damage and more generally bulky adducts are RNAPII blocking
lesions, leading to the accumulation of stalled RNAPII molecules at sites of DNA damage
and thus transcription inhibition. TCR factors, Cockayne Syndrome (CS) proteins and UV-
stimulated scaffold protein A (UVSSA) in particular, are required both for efficient repair of
these lesions and for transcription recovery, which involves displacement of stalled RNAPII
and/or its targeting to ubiquitin-dependent proteasome degradation (reviewed in [2,13]). In
addition to repair factors, recent studies have implicated transcription factors in regulating
transcription recovery post UVC damage. For instance, Eleven-nineteen Lysine-rich
Leukemia (ELL) has been proposed to serve as a docking platform for factors that would
stimulate RNAPII restart [15], and transcription factor 1S (TFIIS) would facilitate the
backtracking of RNAPII stalled at DNA lesions [16]. Unlike the response to UV damage,
which directly blocks RNAPII progression, transcription arrest at sites of DSBs is controlled
by DNA damage sensor proteins. Indeed, the signaling kinase Ataxia Telangectasia Mutated
(ATM) and the DSB repair factor DNA-dependent Protein Kinase (DNA-PK) were identified
as key players of break-mediated inhibition of transcription in response to Fokl and I-Ppol
induced breaks, respectively [8,9]. It was also suggested that Poly(ADP-Ribose) Polymerase
(PARP) facilitates transcriptional silencing at DSBs [17]. It is conceivable that the
localization of the breaks, their nature and their number may influence which DSB sensor is
required for transcriptional arrest. Furthermore, it is still to be determined whether turning
off the enzymatic pathways and reversing the modifications involved in transcription arrest
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is sufficient for transcription restart in response to DNA breaks or if additional mechanisms
are at play.

Importantly, DDR factors identified as regulators of transcriptional arrest or recovery at
damaged sites act on a chromatinized template, where DNA is wrapped around histone
proteins to form nucleosomes. It is thus crucial to integrate chromatin dynamics in the
control of damaged gene expression.

Importance of chromatin dynamics in the transcriptional regulation of damaged genes

Transcription and DNA damage repair both require a transient disorganization of chromatin,
underlying the importance of chromatin plasticity in regulating these processes.

Chromatin modifications—Chromatin modifications - affecting both the DNA and
histone proteins - have been involved in the transcriptional regulation of damaged genes.
Indeed, ubiquitylation of H2A histones, a modification implicated in transcription
repression, was found enriched at DSBs and associated with the ATM-dependent
transcription silencing in response to Fokl-induced breaks [8] (Figure 1). However,
ubiquitylated H2A was not involved in response to I-Ppol-mediated cuts [9], again
suggesting that how and where DSBs are induced in the genome may influence the
underlying mechanism of transcriptional arrest. DSBs and oxidative damage, when
introduced in CpG island-rich promoters, also trigger the accumulation of chromatin
modifiers, including DNA methyltransferases (DNMT 1 and 3a), Polycomb group proteins
(PcG) along with histone deacetylases (SIRT1, Sirtuin 1) [18,19] (Figure 1). The targeting of
these well-characterized mediators of transcription repression correlates with the enrichment
of histone marks associated with transcription silencing (hypoacetylation, H3K9 and K27
trimethylation). Similarly, trimethylated H3K27 was observed at DNA damage foci induced
by ion micro-irradiation, with a concomitant exclusion of H3K4 trimethylation, a histone
modification typical of actively transcribed chromatin [20]. SIRT1 deacetylase activity has
also been involved in suppressing RNA synthesis in response to UV damage in repair
deficient cells [21], but whether it operates similarly in repair proficient cells deserves
further investigation. In addition to these repressive chromatin modifiers, several
heterochromatin components and marks, generally associated with transcription repression,
are found enriched at damaged sites [1,22,23], but it is not yet clear if they actually
contribute to the transcriptional silencing of damaged chromatin.

DNA damage-induced histone modifications also impact on the reactivation of gene
expression after repair of DNA lesions. Indeed, Ubiquitin Specific Protein 16 (USP16)
relieves ATM-mediated transcription silencing at DSB sites, most likely via its capacity to
deubiquitylate H2A [8] (Figure 1). H3K79me2, a histone mark enriched in actively
transcribed regions, accumulates transiently at gene promoters upon UVC irradiation, and its
down-regulation by knockout of the methyltransferase Disruptor of Telomeric silencing-1
homolog (DOT1L) prevents transcription recovery after UV damage in mouse fibroblasts
[24]. Treating cells with the histone deacetylase inhibitor Trichostatin A, which results in
chromatin decompaction, rescues the DOT1L phenotype, suggesting that DOT1L-dependent
methylation of H3K79 may favor an open chromatin structure around the UV-repressed gene
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promoters, which facilitates transcription re-initiation after repair (Figure 1). In light of these
data, it would be of major interest to perform in depth analysis of the dynamic changes of
activating and repressive histone marks after DNA damage in order to identify additional
chromatin modifying factors involved in transcription regulation after genotoxic stress.

Histone mobilization—Not only does genotoxic stress alter histone modification profiles
at gene promoters, but it also leads to the mobilization of histone proteins [25]. Chromatin
remodeling complexes are key players in histone dynamics and they participate in signaling
and repair of DNA lesions [26]. However, their contribution to DNA damage-induced
transcription regulation is far from being completely understood. It has been proposed that
PARP-dependent remodelers could mediate transcription silencing at DNA breaks [17], but
there is still no direct evidence in the literature supporting such model. The remodeling
activity of the repair factor CSB is important for UV resistance and not for recruiting
downstream TCR factors to chromatin, it is thus tempting to speculate that this activity plays
a role in transcription recovery [27]. Besides chromatin remodeling factors, histone
chaperones can mobilize histones in and out of chromatin. Recent studies have unveiled the
importance of two histone chaperone complexes in transcription restart following UV
damage in human cells, the H3.3-specific chaperone Histone Regulator A (HIRA) and the
H2A-H2B chaperone Facilitating Chromatin Transcription (FACT) (reviewed in [28])
(Figure 1). HIRA is targeted to UV-damaged chromatin regions where it deposits newly
synthesized H3.3 histones in a manner coupled to DNA damage detection and it facilitates
transcription recovery after repair [29]. Because H3.3 histones generally bear modifications
associated with active transcription and tend to make nucleosomes more labile [30], these
incorporated H3.3 histones have been proposed to constitute a chromatin bookmark that
renders damaged chromatin prone for transcription restart upon completion of DNA repair
by maintaining a plastic and transcription-permissive chromatin structure at sites of DNA
lesions. In line with this hypothesis, it has been recently demonstrated that transcription
induction in mouse embryonic stem cells is primed by H3.3 histone deposition, via an
opening of chromatin at enhancers and promoters [31]. Given that HIRA and H3.3 also
accumulate at DSB sites [29,32], it is tempting to speculate that HIRA-mediated deposition
of H3.3 promotes transcription resumption at DSBs by a similar mechanism. In addition to
its contribution to transcription recovery, it will be interesting to investigate whether the
function of HIRA in stimulating transcriptional activation of stress-responsive genes
described in yeast [33] is conserved in mammalian cells. Noteworthy, point mutations have
been recently identified in H3.3 in several human cancers, some of them affecting H3
modification profiles [34,35]. In light of these findings, it will be important to assess the
functional consequences of such mutations on transcription restart after UV damage, which
could contribute to their oncogenic potential.

Similar to HIRA, the histone chaperone FACT was shown to promote transcription recovery
after UV damage repair [36]. FACT is recruited to UV-damaged chromatin independently of
DNA repair and accelerates H2A-H2B turnover in UV-damaged regions [36]. Such
increased histone turnover may destabilize nucleosomes, facilitating backtracking of stalled
RNAPII away form the DNA lesion, and ultimately transcription resumption. Stimulating
histone exchange at sites of DNA damage may also be a way to dilute repressive histone
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marks associated with transcription silencing in damaged regions, thus favoring the
restoration of a transcriptionally competent chromatin landscape. FACT also accumulates at
IR-induced foci [37], suggesting a potential role for FACT in controlling transcription restart
after DSB repair as well. Notably, FACT is also important for protecting cells against
transcription-induced DNA damage by promoting the resolution of R-loops resulting from
transcription-replication conflicts [38]. A detailed analysis of the underlying mechanism
should bring new insights into how FACT controls the crosstalk between the DDR and
transcription. Moreover, both HIRA and FACT could also indirectly regulate transcription
recovery after UV damage, by promoting TCR of UV lesions, which deserves to be closely
examined in future studies.

Altogether, significant advances have been made in identifying chromatin modifiers and
histone chaperones as key regulators of transcriptional activity in damaged chromatin
regions, highlighting the importance of chromatin dynamics in coordinating the interplay
between the DDR and transcription.

Impact of chromatin transcriptional state on damage signaling and repair

Conversely, the transcriptional state of chromatin before DNA damage influences both DNA
damage signaling and repair. For instance, heterochromatin, which is mostly
transcriptionally silent, is known to be refractory to late steps of the DSB response, which
are restricted to the periphery of heterochromatin domains (reviewed in [1]). Nevertheless,
depletion of heterochromatin components that are targeted to sites of DNA breaks, such as
heterochromatin protein 1 (HP1), impairs DSB signaling and repair, suggesting an active
contribution of heterochromatin proteins to the DSB response.

In addition to regulating DNA damage signaling and repair, the pre-existing transcriptional
state of chromatin may be instrumental for fine-tuning the repair process as recently
demonstrated in the context of DSB repair. DSBs are processed by two major pathways,
homologous recombination, which uses a homologous sequence for repairing the damaged
DNA, and non homologous end-joining, which repairs DSBs by direct ligation of the two
broken ends. A higher frequency of incorrect end use during end-joining of tandem DSBs
was observed in an active transcription context in human cells [39]. Furthermore, DSBs
located in actively transcribed chromatin regions, marked by the transcription elongation-
associated histone modification H3K36me3, are preferentially repaired by homologous
recombination because they facilitate the recruitment of factors involved in DNA-end
resection [40,41]. However, studies in yeast reported an opposite function for H3K36me3 in
promoting the end-joining process [42,43], suggesting that the role of H3K36me3 in
determining DSB repair pathway choice is not strictly conserved during evolution.

Finally, recent data revealed that, unexpectedly, transcriptional activity is not completely
inhibited in damaged chromatin as small non-coding RNA species are produced at DSB sites
with a major role in controlling initial DDR steps [44—-46]. This pathway is evolutionarily
conserved but it has only been reported in the response to DNA breaks so far and future
studies should examine whether it also occurs in response to other types of DNA lesions.
Furthermore, it is still unclear how these DNA Damage Response RNAs (DDRNA) control
DNA damage signaling and repair. It would be of major interest to investigate whether they
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cooperate with factors regulating chromatin plasticity to induce chromatin changes at sites of
DNA breaks, which would stimulate the recruitment of DDR factors.

Conclusions

Recent work has shed light on the key regulatory role of chromatin dynamics, together with
DDR factors, for stopping and re-establishing transcriptional programs after DNA damage.
Chromatin can thus be viewed as an integration platform that coordinates DNA damage
signaling and repair with transcription (Figure 2). It will be important to further dissect the
molecular bases of this interplay between the DDR, chromatin and transcription and to
understand how DDR factors work in concert with chromatin changes to orchestrate DNA
repair and transcription control. This will help us to fully appreciate the consequences of
disease-associated alterations in the chromatin landscape on genome integrity and function.
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Highlights
DNA damage signaling and repair regulate transcription of damaged chromatin
Chromatin dynamics control transcription inhibition and recovery in damaged regions

Chromatin transcriptional state influences DNA damage signaling and repair
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Figure 1. Importance of chromatin dynamicsin thetranscriptional regulation of damaged genes
Chromatin modifiers (orange) and histone chaperones (blue, purple) involved in regulating

transcription inhibition (top) and recovery (bottom) in damaged chromatin regions in
response to DSBs, UV lesions, oxidative damage (DNA damage is represented by a star).
DNA-damage-responsive chromatin modifications associated with active transcription
(green) and silencing (red) are represented. ac : acetylation ; me : methylation ; ub :
ubiquitylation. Given that RNF8/168 ubiquitin ligases are not known to target K118/119
residues on H2A, an intermediate factor is likely involved as indicated by a question mark.
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Figure 2. Histone dynamics at the core of the inter play between the DDR and transcription
DNA damage-induced histone dynamics, including histone exchange and post-translational

modifications, govern local changes in chromatin transcriptional activity. Conversely,
chromatin transcriptional state, via histone modifications, modulates DNA damage signaling

and repair.
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