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Damage site chromatin: open or closed?
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Abstract

Technical advances in recent years, such as laser microirradiation and chromatin
immunoprecipitation, have led to further understanding of DNA damage responses and repair
processes as they happen in vivo and have allowed us to better evaluate the activities of new
factors at damage sites. Facilitated by these tools, recent studies identified the unexpected roles of
heterochromatin factors in DNA damage recognition and repair, which also involves poly(ADP-
ribose) polymerases (PARPS). The results suggest that chromatin at damage sites may be quite
structurally dynamic during the repair process, with transient intervals of “closed” configurations
prior to a more “open” arrangement that allows the repair machinery to access damaged DNA.

Introduction

Genome integrity is continually threatened by endogenous metabolic products generated
during normal cellular respiration, by errors that arise during DNA replication and
recombination, and by exogenous exposure to DNA damaging agents. The resulting DNA
lesions, if not faithfully repaired, can accumulate as mutations ranging from single
nucleotide changes to chromosomal rearrangements and loss that can lead to cancer,
developmental abnormalities, and cell death. Various types of DNA damage are constantly
occurring in the cell. Different insults to DNA are recognized by lesion-specific repair
factors, which invoke distinct repair pathways including nucleotide excision repair (NER),
base excision repair (BER), mismatch repair (MMR), and double-strand break (DSB) repair.
The factors most critical for DNA repair, as well as the major players in the DNA damage
response (DDR), have been largely identified through genetics-based studies using model
organisms or through investigation of human diseases (see the recent comprehensive review
on DDR and repair [1e¢]). However, how their activities are coordinated in the cell nucleus
is still not well understood. In vivo, DNA is organized in the form of chromatin by
interacting with histones and other factors, and it is widely acknowledged that regulation of
chromatin structure is of paramount importance for DNA repair. Recent studies, taking
advantage of the experimental tools that allow in vivo analysis of the cellular response at
damage sites, revealed the previously unrecognized roles of chromatin factors in DNA
repair. In this review, we briefly discuss these tools and summarize recent unexpected
findings on chromatin regulation in DNA damage signaling and repair in vivo, with
particular emphasis on the damage-induced recruitment of heterochromatin factors and the
expanding role of poly(ADP-ribose) polymerase (PARP) activity.
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Biochemical and cytological analyses of cellular responses at in vivo damage sites

Chromatin immunoprecipitation (ChIP) analysis at endonuclease-induced DSB sites and
cytological analysis of microirradiation-induced damage constitute two powerful tools to
probe protein recruitment and/or modifications at locally induced DNA lesions in the cell
nucleus (Fig. 1). These methods are particularly useful for those factors that do not form
irradiation-induced foci (IRIF) [2,3+]. DSB sites for ChlP [4] can be introduced at specific
sites in the genome by the HO mating-type switch endonuclease in yeast and the I-Scel or I-
Ppol endonucleases in mammalian cells (Fig. 1A) [5-8]. The cytological methods include
the partial exposure of cells to ultraviolet C (UVC) irradiation using a micropore filter to
study UV damage as well as microirradiation of the cell nucleus using charged particles or
highly focused optical lasers (such as UVA, green, and near-infrared (NIR)) to study
primarily DSB repair (Fig. 1B) [2,3+,9-12]. In addition, interstrand crosslinking damage
(ICLs) can be induced at specific subnuclear regions using photo-reactive psoralen
derivatives combined with microirradiation [13<¢]. These cytological methods are
particularly useful for the spatio-temporal kinetic studies of DDRs by quantitative
fluorescence microscopy analyses, including fluorescence resonance energy transfer
(FRET), fluorescent loss in photobleaching (FLIP), and fluorescent recovery after
photobleaching (FRAP) (for example, [14¢,15¢,16¢,17¢¢]).

While the endonucleases induce only DSBs, microirradiation induces complex DNA
damage, including crosslinking damage (e.g., cyclobutane pyrimidine dimers (CPD)), base
damage, and both single strand breaks (SSBs) and DSBs, which may result in different
DDRs. DSBs induced by ionizing radiation (IR), which is known to induce complex DNA
damage, and those induced by endonucleases are indeed processed differently [18].
Furthermore, individual optical laser systems, depending on system parameters, can induce
different mixtures of DNA damage, thus leading to different DDRs. For example, TRF2
recruitment to damage sites was observed only with certain laser systems but not others [19—
21]. This is possibly due to distinct features of the particular induced DSBs and/or the co-
induction of other types of damage that may dictate the cellular response. Thus, the methods
used to induce DSBs may affect the DDR and repair pathway choice. Although this
obviously requires further investigation, these systems have proven nonetheless to be
powerful tools for demonstrating the damage site-specific molecular events in vivo, and
have greatly facilitated discoveries of the chromatin organization events at damage sites
discussed below.

Chromatin relaxation at DNA damage sites

It is widely accepted that chromatin near the damage site should be in an “opened” state for
efficient repair factor recruitment and subsequent repair. The damage-site recruitment of
ATP-dependent chromatin remodeling complexes, such as INO80 and Trrap/Tip60, leads to
chromatin relaxation important for efficient DDR and/or repair [22]. It was shown that
Trrap/Tip60 increases acetylation of histone H4 in the vicinity of the damage sites [6].
Indeed, DNA damage regions induced by UVA laser microirradiation with Hoechst 33342
were found to expand and decrease chromatin density, consistent with chromatin opening
[23]. Depletion of the heterochromatin-binding transcription repressor proteins HP1 and
KAP1 (also known as TIF1p KRIP-1, or TRIM28) as well as the Class I histone
deacetylases 1 and 2 (HDAC1/2) alleviates the requirement for ATM in DNA repair,
indicating that damage sites within heterochromatin require special processing for proper
repair [24«]. Both HP1 and KAP1 are phosphorylated in response to DNA damage. HP1
phosphorylation weakens its affinity for the heterochromatic histone modification (i.e., the
methylated lysine 9 residue of histone H3 (H3K9me)), and KAP1 phosphorylation results in
increased micrococcal nuclease accessibility [14¢,25]. All of these studies support a model
in which chromatin relaxation is an essential early step in DNA damage repair. However,
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several recent studies have identified PARP-regulated damage site recruitment of multiple
factors that are well-described players in transcriptional repression/heterochromatin
formation, providing a different view on chromatin structural alterations at DNA lesions.

The role of PARP1 in chromatin relaxation at DNA damage sites

PARP1 is a DNA nick sensor activated by DNA damage that functions in BER and DSB
repair [26-28]. Activated PARP1 not only (ADP-ribosyl)ates its targets but also itself,
resulting in its dissociation from DNA [26,29]. Laser-induced damage enabled visualization
of poly(ADP-ribose) (PAR) at, and in some cases the rapid and transient recruitment of
PARP1 itself to, damage sites [29-31]. Histone H1, as well as all of the core histones, was
shown to be (ADP-ribosyl)ated in vivo [32]. However, the identity of the major target(s) of
PARP1, other than itself, at the damage sites is unclear.

PARP activity in the presence of NAD™ leads to decondensation of chromatin in vitro
[33,34], and is required for gene activation-associated puffing of Drosophila polytene
chromosomes in vivo [35]. This was thought to be mediated by (ADP-ribosyl)ation of
histones. Thus, activated PARP1 recruitment to DNA damage sites was thought to induce
chromatin opening [26,28]. Several recent studies have shown, however, that PAR at the
damage sites also serves as an important binding site for the recruitment of various factors.
A number of DNA repair/checkpoint proteins were found to contain a novel PAR-binding
zing finger (PBZ) motif, which appears to direct their damage site recruitment [36].
Macrodomain-containing ALC1 (Amplified in Liver Cancer 1, or CHD1L), a member of the
SNF2 superfamily of ATPases, is recruited to the damage sites via its interaction with PAR.
In addition, its chromatin remodeling activity is stimulated by activated PARP1, likely
facilitating chromatin relaxation at the damage sites [37¢,38¢].

PARP-dependent recruitment of heterochromatin components to DNA damage sites

Interestingly, contrary to PARP1’s function in chromatin opening described above, several
new studies uncovered the role of PARP1 (and possibly PARP2) in the recruitment of
multiple gene silencing/heterochromatin factors, which appear to be also important for DNA
repair.

The chromatin remodeling factor chromodomain helicase DNA-binding protein 4 (CHD4;
or Mi2p) is an integral component of the NuRD complex. The NURD complex contains
chromatin remodeling and histone deacetylase and demethylase activities and functions in
transcriptional repression [39]. Four recent reports showed that the NURD complex is
recruited to DNA damage sites [40e,41¢,42,43]. Elledge’s and Lukas’s groups both used
stable isotope labeling with amino acids in cell culture (SILAC)-mass spectrometry analyses
to screen for proteins that are induced to associate with chromatin in response to different
types of DNA damage (UV and IR damage, respectively) and identified multiple NuRD
subunits [40e+,41¢]. Both Jackson’s and Elledge’s groups showed that CHD4 directly
interacts with PAR and that the NuRD complex is recruited in a PAR-dependent manner to
the damage sites [40++,42]. In these studies, no clear functional distinction was made
between PARP1 and PARP2. The related but less characterized PARP2 interacts with
PARP1 and is also involved in DNA repair, though the kinetics of its localization to DNA
damage sites appear to differ from PARP1 [29,44¢]., Interestingly, van Attikum’s and
Lukas’s groups reported the impairment of RNF168-dependent ubiquitylation and BRCA1
assembly at damage sites following CHD4 depletion, while Jackson’s group reported that
CHD/4 is important for DNA repair and G1/S cell cycle control through p53 deacetylation
but has no effect on BRCA1 assembly [41+—43]. Thus, the exact role of the NURD complex
in DDR and repair requires further investigation.
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Interestingly, Elledge’s group also found that polycomb (PcG) proteins known to be
involved in epigenetic gene silencing are also recruited to damage sites in PARP-dependent
manner [40e]. PcG proteins form two major complexes: polycomb repressive complex 1
(PRC1) with H2A ubiquitylation activity and PRC2 with H3K27 di- and tri-methylation
activity. In gene silencing, PRC2 is first recruited to target genes and mediates local H3K27
methylation. This mark in turn recruits PRC1, which monoubiquitylates lysine 119 of H2A
(H2AUDb1) in the vicinity [45-47]. Elledge’s group found both PRC1 and PRC2, as well as
H3K27me3, at the damage sites and showed the essential role of PARP1/PARP2 in
recruiting PRCs to the DNA damage sites [40+¢]. Based on the lack of the m7G cap of
mMRNA in the laser damage area, they suggested that the recruitment of these repressive
chromatin remodeling complexes is important for local silencing of transcription near DNA
lesions, proposing that PRCs indeed form transcriptionally repressive heterochromatin in
this region [40e¢]. Interestingly, Hendzel’s group also reported the PRC1 recruitment to
damage sites, but observed that its recruitment is Nbs1-dependent and PRC2-independent,
raising the possibility that the role of PRC1 at damage sites is distinct from gene silencing
[48+]. Indeed, PRC1 appears to play an important role in monoubiquitylation of
phosphorylated histone H2AX (yH2AX), which contributes to the efficient recruitment of
53BP1 and BRCAL1 [48e]. Thus, the involvement of PARPs, the relationship of PRC1 and
PRC2, and their roles at the damage sites need to be further evaluated. Nevertheless, both
studies demonstrate the presence at damage sites of factors that are capable of establishing
repressive chromatin environments.

The macrodomain-containing histone H2A variant, macroH2A1.1, was also found to be
recruited to laser-induced damage sites in a PARP1 activation-dependent manner [44e].
Only weak localization of PARP2 to damage sites was observed in this study, and PARP1
depletion and complementation was sufficient to dictate the macroH2AL1.1 recruitment to
damage sites. MacroH2A has been associated with gene silencing found, for example, at the
inactive X chromosome in mammalian cells [49]. This recruitment of macroH2A1.1 appears
to induce transient localized chromatin compaction based on the change of DAPI staining
density surrounding the UVA-induced damage site [44¢]. The recruitment of Ku70, a critical
factor for initiating the non-homologous endjoining (NHEJ) pathway of DSB repair,
appeared to be decreased in response to this chromatin structural change, suggesting a direct
impact on the DNA damage response [44¢]. It would be interesting to confirm these findings
using other damage induction systems.

Other heterochromatin factors recruited to the damage sites

We referred earlier to work indicating that particular heterochromatic factors (i.e. KAP-1,
HP1, and HDAC1/2) are essentially antagonistic to DNA repair, necessitating the actions of
ATM to effect repair in heterochromatic regions [24+]. However, recent reports demonstrate
that HP1 and HDAC:s are actually recruited to damage sites [15¢,16¢,50¢¢]. HP1 was
originally identified in Drosophila as a non-histone chromosomal protein functioning in
heterochromatin-mediated gene silencing [51]. The recruitment mechanism mediating HP1
localization to lesions, which is H3K9me-independent, and HP1’s specific function at the
damage sites, are currently undefined. Curiously, HP1 accumulation occurs at different
types of damage (both strand breaks and UV crosslinks) [15¢]. Whether HP1 is there to
mediate some aspect of heterochromatinization or to carry out completely distinct functions
at the damage sites remains to be determined.

Recruitment of HDAC1/2 to DNA damage sites was also reported. These HDACs were
found to effect deacetylation of H3K56Ac and H4K16Ac and were necessary for normal
NHEJ [50e¢]. HDAC1/2 are also found in the NuRD complex, but whether these HDACs are
recruited as part of the NuRD complex was not directly addressed. How does this reconcile
with histone H4 hyperacetylation by Trrap/Tip60 at the damage sites described earlier [6]?
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Using a UVA laser with BrdU presensitization, Miller et al observed a bi-phasic response at
the damage sites, a rapid deacetylation (at ~5 min) followed by subsequent hyperacetylation
(at 2 hr) [50e]. Since Trrap/Tip60 was shown to be important for homologous
recombination (HR), the second major pathway of DSB repair [6], and HDACs for NHEJ,
the authors suggest that the rapid initial deacetylation is important for NHEJ (perhaps in a
more “repressed” chromatin structure) while subsequent hyperacetylation (favoring
chromatin “opening”) facilitates HR. This is consistent with the sequential, rather than
parallel, nature of NHEJ and HR factor assembly and function at the damage sites [52-54].
Interestingly, HDAC inhibition resulted in NHEJ factor persistence at the damage sites
[50e¢]. How HDAC1/2 impact NHEJ remains unresolved, though the authors suggest
possible transcriptional repression, chromatin structural change favoring NHEJ, or direct
modification of NHEJ factors. It should be noted that HDAC1/2 depletion had no obvious
effect on DSB repair (as judged by yH2AX focus formation) in ATM-proficient human
fibroblasts, though it restored wild type DSB repair activity when ATM was inhibited [24].
These different findings may be due to the types of cells used in each study (i.e., U20S
human osteosarcoma cancer cell line [50¢] versus human primary fibroblasts [24¢]) and/or
the distinct effects of HDAC1/2 depletion on DNA repair in euchromatic versus
heterochromatic regions. Regardless, additional study is necessary to gain better
understanding of HDAC1/2 functions at damage sites.

Conclusions

There has been an explosion of important discoveries of new factors and posttranslational
modifications (e.g., poly(ADP-ribosyl)ation and, though not discussed in this review, recent
exciting findings on SUMO maodifications at damage sites [17¢2,55¢¢]) that are involved in
DDR and DNA repair. Identification of these factors/modifications and analysis of their
precise temporal and/or spatial interaction with damage sites were facilitated by the use of
various laser microirradiation systems and chromatin analysis by ChlP.

One of the highlights of the recent discoveries as described in this review is the damage site
recruitment and repair function of “heterochromatin factors” (Fig. 2) in addition to the
previously identified chromatin “opening” factors. These results suggest an unexpectedly
fluid chromatin structure at DNA lesions, providing a new perspective on the chromatin
response at DNA damage sites. Furthermore, these studies redefined the roles of PARPs and
HDACs, which is also very exciting from a clinical perspective. There is intense interest in
exploiting defective repair mechanisms often seen in tumor cells, and PARPs and HDACs
are both promising targets for anti-cancer therapy [56,57]. PAR and yH2AX are also being
investigated as possible biomarkers to both plan and evaluate the efficacy of cancer
therapeutic regimens for individual patients [58]. Therefore, the new findings concerning the
roles of PARPs and HDACs in DDR/DNA repair provide important new insight into their
relevance as therapeutic targets.

Though the DNA repair field has made remarkable advances, significant challenges remain.
In fact, the successful identification of so many new factors recruited to damage sites has
made it particularly difficult to synthesize an all-inclusive picture of what occurs at a DNA
lesion. Are all of the factors recruited to a damage site or is there a selection process
determining which pathway and factor assembly should be dominant at a given lesion? What
dictates this preference? In some cases, the choice may be cell cycle stage-specific, cell
type-specific, cell state-specific (cancer cells, primary cells, stem cells, or ageing cells),
species-specific (mouse versus human cells), and, of course, be dependent on the nature of
the DNA damage. Furthermore, as many chromatin factors found to play a role in DNA
repair also affect transcription, one must be cautious about the interpretation of their
depletion/mutation phenotype. These phenotypes may be induced indirectly by gene
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expression changes, or by their effect on genome-wide chromatin regulation rather than by
their specific roles at the damage sites. Additional detailed studies are essential to confirm
these initial fascinating discoveries discussed here and to create a cohesive and coherent
model for how mammalian cells recognize and address DNA damage.
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Figure 1. In vivo tools to study DNA damage recognition and response pathways

A. ChlIP analysis of endonuclease-induced DSBs. The HO endonuclease in yeast, and the I-
Scel and I-Ppol homing endonucleases in mammalian cells, have been used to induce DSBs.
While HO and I-Ppol cut endogenous recognition sequences, the I-Scel recognition
sequence is introduced into the genome by stable transfection. Factor binding or
modification in the vicinity of DSB sites can be analyzed by ChIP using specific PCR
primers.

B. Fluorescent microscopy analysis following nuclear microirradiation. Selective sub-
nuclear exposure of UVC using micropore filters has been used to study the NER pathway.
Focused laser microbeams (of various wavelengths, energies, etc.) or charged particles,
delivered to sub-micron regions in the cell nucleus (with or without DNA sensitization),
have been used mainly to study DSBs. However, other types of damage are also induced,
including CPD, SSBs, and in some cases, base damage. In addition, photo-activation of
psoralen derivatives by microirradiation induces interstrand crosslinking damage (ICLSs).
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Figure 2. Recruitment of heterochromatic factors to DNA damage sites

PARP is activated and rapidly recruited to the DNA damage sites resulting in the
accumulation of PAR in the vicinity of the damage sites. PAR serves as a landing pad for
macroH2A, polycomb repressor complex(es), and NuRD. The PRC recruitment is
accompanied by histone H3K27me3. In addition, both HDAC1 and HDAC?2, as well as
HP1, are also recruited to the damage sites, although the recruitment mechanism(s) is
unclear. These heterochromatin/gene silencing factors may be important for local
transcriptional silencing at the damage sites, dictating DNA repair pathway choice, and/or
recruiting DNA repair factors, such as 53BP1 and BRCA1, to promote efficient DNA repair.
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