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Paving the way for H2AX phosphorylation

Chromatin changes in the DNA damage response
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The dynamics of chromatin-associated proteins control the
accessibility of DNA to essential biological transactions like
transcription, replication, recombination and repair. Here, we
briefly outline what is known about the chromatin changes that
occur during the cellular response to DNA breakage, focusing on
our recent findings revealing that the chromatin factor HP1 is
mobilized within seconds after DNA damage by an unrecognized
signaling cascade mediated by casein kinase 2 (CK2) phospho-
rylation, paving the way for histone H2AX phosphorylation.
We also show here that HP1[3 mobilization is neither associated
with histone H3 modification on Serl0, an alteration proposed
to assist in HP1 ejection from chromatin, nor with evidence of
a physical interaction between HP1P and the CK2 regulatory
subunit. Interestingly, following its rapid mobilization, we find
that HP1P gradually re-accumulates on damaged chromatin over
a longer time period, suggesting that temporal changes in HP13
dynamics and interaction with chromatin may assist in different
stages of the cellular response to DNA breakage.

Chromatin Packages the Eukaryal Genome and Regulates
its Function

Eukaryotic DNA is organised into a higher-order structure,
called chromatin, which was first identified through its affinity
to basophilic dyes by Walther Flemming in 1882.! Staining the
nucleus with DNA dyes revealed two main types of chromatin: a
lightly stained euchromatin or a densely stained heterochromatin,
which respectively were thought for many years to correspond
to a decondensed, transcriptionally-active structure or a highly
condensed, non-transcribed one.>? Heterochromatin; in turn, is
either constitutive, remaining condensed through all stages of the
cell cycle (e.g., at centromeric regions) or facultative, capable of
periodic reactivation in certain cell types, or at different stages in

*Correspondence to: Ashok R. Venkitaraman; Hutchison/MRC Research Centre;
Hills Road; Cambridge CB2 OXZ UK; Email: arv22@cam.ac.uk

Submitted: 03/18/09; Accepted: 03/20/09

Previously published online as a Cell Cycle E-publication:
http://www.landesbioscience.com/journals/cc/article/8501

1494

Cell Cycle

their division (e.g., inactive X-chromosome).4”7 Distinct histone
variants and post-translational modifications of histone proteins
play an essential role in the establishment, maintenance and inheri-
tance of each type of chromatin structure during cell division.3-!1

Chromatin serves two main functions. The first is structural;
chromatin enables more than two meters of DNA to be packaged
into a eukaryotic nucleus with the diameter of a few microns.
Around 146 bp of DNA is wrapped around an octameric core of
histones, comprising two copies each of the four histones H2A,
H2B, H3 and H4, to form a nucleosome—the basic subunit of
chromatin. Nucleosomes are connected by DNA linkers to form a
poly-nucleosomal thread which is then folded into a 30 nm fibre.
Overlayed on this basic organization, histone variants and non-
histone proteins like the heterochromatin protein 1 (HP1, also
called CBX, Chromobox Homologlz) or polycomb proteins help
to fold chromatin into higher-order structures.>®913

Chromatin’s second role is to regulate genome function and
duplication. Thus, chromatin structure controls the execution
of various DNA-related transactions such as DNA replication,
transcription, recombination and repair.g’9 Consequently, abnor-
malities in chromatin structure have been linked to several human

diseases including cancer, 1416

Chromatin Plasticity via Alterations in the Histone Code

To serve these functions, chromatin structure is dynamically
regulated during DNA transcription, replication, or repair, to
generate distinct states permissive for these different transactions

to take place.®%17

Broadly speaking, alterations in chromatin
structure can be achieved via three different routes.!! Histone
chaperones promote the incorporation of specific histone variants
during processes like replication, transcription, repair or conden-
sation, which fulfil distinct functions. For example, the histone
chaperone, chromatin assembly factor 1 (CAF-1), promotes
the loading of histone H3.1 variants at sites of UV-induced
damage to mark them for repair.!! Chromatin re-modelers disrupt
histone-DNA interactions in an ATP-dependent manner, and are
implicated in transcriptional regulation, as well as DNA damage
repair. The multi-subunit complex SWI/SNF for instance, can
mobilise nucleosomes across DNA or facilitate the removal of
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the H2A-H2B dimer from the nucleosome.!®1° Finally, a histone
code specifies different chromatin states. The code, first defined by
David C. Allis,® is now believed to comprise at least eight distinct
types of post-translational modification (PTM; e.g., methylation,
acetylation, etc.,) to specific residues in the tails of histones like
H3 or H4.820 The code is, in part, translated via non-histone
proteins—termed effectors—which contain domains that bind
different histone-tail modifications, and are recruited through
them to specific regions of chromatin.?!

The permutation and combination of different histone-tail
modifications, with the proteins that recognize them, enables the
specification of many distinct, finely-tuned, chromatin states.
Several features are relevant to the repertoire of states that can be
specified. First, chromatin states tend to be determined by a pattern
of histone-tail modifications rather than a single one.? For instance,
similar histone modifications on different residues can induce
either relaxation or condensation of chromatin. Tri-methylation
of Lys9 in the tail of histone H3 (i.e., H3K9) or H4K20 is abun-

2223 whereas

dant in pericentric constitutive heterochromatin,
tri-methyl H3K27 is enriched in the facultative inactive X
chromosome.?* Conversely, tri-methylation of H3K4 or acetyla-
tion of H3K9 are both associated with active gene expression in
euchromatic regions.?>2” Second, several distinct domains occur
in different effector proteins that are capable of binding histone-
tail modifications. Thus, acetylated lysine residues generate specific
binding sites for different proteins containing ‘bromodomains’,
like CBP, GenS, PCAE TAF1 or RSC4.28-32 For example, RSC4,
a component of the chromatin-remodeling complex RSC binds
through its bromodomain to acetylated H3-K14 to promote gene
activation,3>34 while methylation of H3K9 and H3K27 provides
binding sites for the chromodomains of HP1 and Polycomb (PC)
proteins.3>40 Finally, it should be noted that alterations in the
histone code may also directly modulate chromatin structure. For
example, H4K16 acetylation, a hallmark of transcriptionally active
chromatin, restrains the folding of 30 nm fiber into higher-order
structures.41-43

Interestingly, there is evidence to suggest that there is a fourth
route for the plasticity of chromatin structure. Alongside changes
in the histone code, a so-called sub-code of PTMs that occur on
histone-binding effector proteins has recently been proposed to
play a role in modulating chromatin structure. For example, HP1y
phosphorylation can modulate the transcriptional silencing activity
of chromatin in experimental conditions; ¥ however, whether such
modifications play a physiologically relevant role has been unclear.
An example arising from our work#® that links sub-code alterations
to changes in chromatin structure during the response to DNA
breakage will be discussed here.

Chromatin Alterations in the DNA Damage Response

We will begin with a brief summary of known chromatin altera-
tions in the DNA damage response. It is clear from much recent
work that proteins which mediate the sensing, signaling and repair
of DNA lesions are rapidly recruited to sites of DNA damage
and this recruitment is accompanied by changes in chromatin
structure.” Teleologically speaking, relaxation of the chromatin
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structure surrounding damage sites could facilitate the recruitment
of the cellular machinery that mediates the DNA damage response.
Consistent with this notion, chromatin relaxation following
different types of DNA damage has been recently reported.40-48
Interestingly, it may be triggered by signals that depend on
PIK-family protein kinases like ATM which are currently believed
to be the most proximal elements of the DNA damage response, 3
or it may be independent of them.“>4” Thus, local heterochro-
matin relaxation after the exposure of cells to ionising radiation is
mediated by ATM phosphorylation of the KAP-1 protein,*’ while
H2B mobilisation after laser-induced DNA breakage occurs in an
ATM-independent manner.

Notably, changes in the histone code are proximal events in the
DNA damage response cascade. Indeed, H2AX phosphorylation,
one of the most-studied changes in the histone code, occurs within
minutes at the sites of DNA damage and is considered to be the
earliest known marker of DNA damage.’%>? It is followed be an
increase in the acetylation of H3 at K9, K14, K18, K23 and K27
and of H4 at K5, K8, K12 and K16.53>% Acetylation of lysine resi-
dues neutralizes the positive charges on histones and reduces the
affinity between histones and DNA, a plausible route to relaxation
of the normally tight chromatin structure. Thus, these changes are
expected to facilitate the access of different DNA repair proteins
to the sites of damage.”® Indeed, the recruitment of DNA repair
factors to ionizing radiation-induced foci is impaired in H2AX
null cells.>> Consequently, these cells are chromosomally unstable
and show an increased susceptibility to cancer.%>7

The precise mechanism of how DNA damage is sensed and how
this leads to the propagation of H2AX phosphorylation remains
unknown. Several lines of evidence suggest that both alterations
in the structure and dynamics of chromatin are involved in the
sensing and initiation of the DNA damage response. Exposure of
cells to hypotonic stress, which is expected to trigger changes to
the chromatin structure, has been shown to activate ATM kinase.>®
The induction of H2AX phosphorylation following damage was
inhibited in cells depleted of the SWI/SNF chromatin remodeler
complex whereas ATM autophosphorylation and its recruitment
to chromatin after DNA damage remains intact.”” This suggests
that nucleosome mobilisation may play a role in ATM-dependent
phosphorylation of H2AX. Intriguingly, prolonged tethering of
DNA repair proteins like NBS1, MRE11, MDCI and ATM to
chromatin suffices to activate H2AX phosphorylation, even in the
absence of DNA damage.®® Also, it has been recently shown that
the chromatin remodeler complex, Tip60, catalyses the acetylation-
dependent ubiquitination of H2AX variant which facilitates its
removal from the nucleosome after DNA damage.®!-%% Together,
these findings indicate that damage-induced chromatin alterations
are an important component of the cellular response to genotoxic
lesions, but provide little insight into how they may work.

In this review, we will discuss our recent demonstration that
dynamic mobilisation of the chromatin factor HP1p is a proximal
event in the sensing and signaling of DNA breakage. We find that
HP1B mobilisation is triggered by the damage-induced modifica-
tion of a single Thr residue, Thr51, by a mechanism that depends
on the kinase CK2. Suppression of HP1P mobilisation diminishes
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Hs-HP1B  42-WKGFSDEDNTWEPEENLDCP-61
Mus-HP1p  42-WKGFSDEDNTWEPEENLDCP-61
Hs-HP1o. 41-WKGFSEEHNTWEPEKNLDCP-60
Mus-HP1a 41-WKGFSEEHNTWEPEKNLDCP-60
Hs-HP1y 51-WKGFTDADNTWEPEENLDCP-70
Mus-HP1y 41-WKGFTDADNTWEPEENLDCP-60
Gallus-HP1 41-WKGFSDEDNTWEPEENLDCP-60
Dros-HP1 45-WKGYPETENTWEPENNLDCP-63

Figure 1. Thr51 is evolutionarily conserved. An alignment of the conserved
residues surrounding Thr51 in human (Hs) HP1a, B and vy isoforms, and
in their orthologues from mouse (Mus), chicken (Gallus) and Drosophila
(Dros), is shown.

H2AX phosphorylation, thus far the earliest known event in
signaling DNA breakage. Here, we describe our findings and their

implications.

HP1 Dynamics Link Chromatin Structure to the DNA Damage
Response

Heterochromatin protein 1, an evolutionary conserved protein
from yeast to humans, was originally identified as a major
component of heterochromatin.®3%4 Three distinct mammalian
isoforms of HP1 have been identified HP1c,, HP1B and HP1y.
All variants are abundant in centromeric heterochromatic foci,
but HP1f, and in particular, HP1Y, also localize to euchromatic
regions. Localisation of HP1 protein to chromatin is mediated by
its ability to interact with DNA and histones.!>% One binding
site of particular interest is methylated H3K9 to which HP1 binds
directly through its chromodomain.3>-30

Surprisingly, HP1 proteins can either facilitate or suppress
the transcriptional activity of certain genes. These seemingly
contradicting functions of HP1 are mediated through its various
interacting protein partners. Indeed, HP1 proteins can interact
with, and recruit, repressor proteins such as KAP-1,°¢ DNA and
histone methyltransferases.67’68 On the other hand, Swi6 protein
(the sole HP1 homologue in S. pombe) recruits Epel,69 an anti-
silencing protein that enhances RNA pol-II accessibility and
transcription within heterochromatic regions.””

Given that HP1 is an abundant chromatin protein, it has
recently been used as a marker to track changes in chromatin
dynamics.”!”73 Notably, dynamic studies of green fluorescent
protein (GFP) tagged HP1 in living cells reveal that HP1 has
different residence times on heterochromatin and euchromatin,
possibly accounting for the dynamic behaviour of chromatin.
The exchange rate of HP1 protein within heterochromatic foci
is about 10 times slower compared to euchromatic regions.”!”2
This differential mobility of HP1 protein on chromatin might
be involved in sensing and activating the DNA damage response.
In line with this, it has been recently shown that the spreading
of H2AX phosphorylation around a double-strand break is not
continuous, as it skips over heterochromatic regions marked by
HP10 foci.”47> These observations imply that certain epigenetic
features of the heterochromatin structure, modulated by the
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Untreated
lysate + HP1B(R)

Phosphatase treated
lysate + HP1[3(R)

Post-IR
lysate + HP1B(R)

basic (-)

acidic (+)

Figure 2. Phosphorylation of HP1p detected by 2D gel electrophoresis.
Hela nuclear extracts were resolved by 2D gel electrophoresis using IEF
on a pH 4.5-5.5 gradient in the first (horizontal) dimension, and 12%
SDS-PAGE in the second (vertical) dimension. HP1B was defected by
western blotting with a specific monoclonal antibody (Abcam). Acidic and
basic ends of the horizontal gel are marked. Samples were (A) lysates
from undamaged cells; (B) lysates from undamaged cells, treated with &
phosphatase; or (C) lysates prepared from cells 5 min after their exposure
to 10 Gy of X-rays. ‘R’ marks the migration of recombinant HP1p purified
from E. coli as a reference. The recombinant protein is resolved into two
spots with relatively basic isoelectric points in the first dimension, consis-
tent with the calculated pl (4.86) of the unmodified recombinant protein,
and suggestive of the generation of two products by N-terminal clipping
following thrombin digestion during cleavage from GST.

HP1 proteins, prevent the activation of H2AX phosphorylation
after DNA damage. Indeed, our results reveal that DNA damage
induces HP1B mobilisation and dispersal from DNA damage
sites. This dispersal is mediated by phosphorylation of Thr51 in
a CK2-dependent manner. Interestingly, suppression of HP1B
mobilisation either by inhibiting CK2 kinase activity or by fusing
H2B to HPI1P, decreases H2AX phosphorylation after DNA
damage. Thus, our work provides a first link between the dynamics
of HP1p and the DNA damage response.4>

The relationship between alterations in HP1P dynamic behav-
iour and the mechanisms that modulate H2AX modification
are not yet clear. One possibility is that the phosphorylation of
Thr51 in HP1B, and the consequent mobilization of HP1P from
chromatin, may provide a trigger for ATM activation. However,
chemical inhibition of the PIK kinases can moderately diminish
Thr51 modification (see Fig. S10 in ref. 45), suggesting that there
is cross-talk between the pathways, rather than a strictly linear
hierarchy of events. For example, HP1f mobilisation may in
some way enhance the activity of PIKKs in the vicinity of DNA
breaks (e.g., by facilitating PIKK recruitment to damage sites, or
improving their access to substrates). Enhanced PIKK activity
could, in turn, promote HP1B modification, as discussed later
in this article. These possibilities are not mutually exclusive, and
further work will be required to address the relationship between
HP1p dispersal and PIKK activity.

2009; Vol. 8 Issue 10
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pS10H3

Figure 3. DNA damage does not induce changes in H3Ser10 phospho-
rylation. Laser-guided DNA damage was induced using 405 nm laser
light in the areas bounded by the white lines in living MEFs sensitized by
a 5 min exposure to Hoechst 33342, as previously described.# Ten min
afterwards, cells were fixed and stained for DNA (blue), YH2AX (green)
and phosphorylated H3Ser10 (red).

The evolutionary conservation of Thr51, from Drosophila, to
all three mammalian HP1 isoforms (Fig. 1), and its position within
the chromodomain, together raises the possibility that its modifica-
tion represents an important avenue through which HP1 dynamics
and localisation can be regulated. Although we have demonstrated
that Thr51 phosphorylation is sufficient to disrupt the binding
between the HP1f chromodomain and the methylated peptide of
H3 in vitro, it is not yet clear that this modification alone suffices
to release HP1 from chromatin in vivo. On the one hand, overex-
pression of HP1B and HP1a in which Thr51 is mutated to either
Ala or Glu is sufficient to de-localize the proteins from chromatin.
On the other hand, we find using 2D gel electrophoresis that
HP1B is phosphorylated at several sites, and that this phosphoryla-
tion pattern changes after DNA damage (Fig. 2). Thus, it remains
possible that these additional HP1 modifications may help to regu-
late its dynamics before, as well as after, DNA damage.

Changes in the histone code have been proposed to aid in the
dispersal of HP1 from chromatin. For instance, it has recently
been shown that phosphorylation at Ser10 of H3 mediates HP1
ejection from chromatin at entry into mitosis.”® We have therefore
tested whether H3 modification on Ser10 may also play a role
in HP1P dispersal after DNA damage. Following laser-induced
DNA damage using the methods we have reported,45 cells were
probed for both H3 Ser10 and H2AX phosphorylation by immu-
nostaining. Changes in neither the distribution nor the abundance
of Serl0 phosphorylation between the damaged and undamaged
half of the nucleus were observed (Fig. 3) suggesting that histone
H3 phosphorylation on Ser10 is unlikely to contribute to damage-
induced alterations in HP1 dynamics.

We find that the rapid dispersal of HP1P protein from chromatin
following DNA damage is a transient event; HP1P re-accumulates
by around 60-90 min afterwards.*> This may simply reflect the
completion of repair, but alternatively and additionally, may
also reflect a requirement for other HP1 functions, such as the
suppression of transcriptional activities at damage sites. It has been
recently shown that transcriptional activity is suppressed 1 hr after
irradiation at sites positive for H2AX phosphorylation,77
at which we find that HP1P reaccumulates both on euchromatin
and heterochromatin (Fig. 4). The correlation between these events

a time
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DNA

53BP1 HP1

Figure 4. Gradual re-accumulation of HP1p after dispersal by DNA dam-
age. Targeted DNA damage was induced in living MEFs sensitized by a
5 min exposure to Hoechst 33342 as previously described.#> One hour
afterwards, cells were fixed and stained for DNA (blue), 53BP1 (green)
and HP18 (red). A merged image is depicted in the final column. Although
it is rapidly dispersed within seconds after DNA damage, 45 these images
show that endogenous HP 1P gradually re-accumulates at damage sites by
1 hr after its initial dispersal.

raises the possibility that HP1B re-accumulation may help to
inhibit illegitimate transcriptional activity from a damaged DNA
template undergoing repair. Moreover, methylated H3K9 remains
intact at the site of damage (see Fig. S3, ref. 45), which might
serve as a constitutive repressive mark required for the subsequent
re-accumulation of HP1 protein at the damage sites.

CK2 Kinase in the DNA Damage Response

Casein kinase 2 (CK2) is a ubiquitously expressed kinase,
which has two catalytic subunits o and o', in addition to a
regulatory 3 subunit.”® CK2 is known to phosphorylate Ser/Thr
residues and is involved in various cellular processes lincluding
proliferation, differentiation, apoptosis, tumorigenesis or DNA
repair.”? Interestingly, CK2 constitutively phosphorylates certain
proteins involved in the DNA repair pathway such as XRCC1,8°
and MDC1.81% On the other hand, CK2 inducibly modifies
other substrates after DNA damage.85 In yeast, Serl of H4 is
phosphorylated by CK2 in response to double-strand breaks.> In
mammalian cells, we find that DNA damage triggers phosphory-
lation of HP1B at Thr51 by CK2.%> Interestingly, evidence that
CK2 phosphorylation can modulate HP1 function has also been
reported in Drosophila and yeast, where this modification influ-
ences HP1-mediated transcriptional silencing,30-88

It is still unclear how CK2 can be activated and targeted to
phosphorylate HP1f specifically at sites of DNA breakage. One
possibility is that CK2 is recruited to these sites. Alternatively,
DNA damage might induce the interaction of CK2 with HP1,
even without detectable co-localization. Thus far, our data do not
support either possibility. We cannot detect a damage-induced
interaction between HP1 protein and CK2 by immunopprecipi-
tation (Fig. 5A and B). Recruitment of neither the o' nor the B
subunit of CK2 to damage sites can be detected by immunofluo-
rescence (Fig. 5C).

Moreover, the relationship between PIKK activity and CK2
activation by DNA damage is yet to be thoroughly explored. As
noted before, although HP1P appears to be directly modified by
CK2,%-87:88 byt not the PIKK enzymes,® we find that chemical
inhibition of PIKKs can nevertheless moderately diminish the
phosphorylation of HP1f Thr51 after DNA damage. We have
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the extent and persistence of Thr51 phos-
phorylation at these sites. Scenarios of this
kind may serve as working hypotheses to help
reconcile the alleviation by HP1 depletion of
the ATM requirement to signal the presence
of heterochromatic DNA breaks,*” with the
moderate suppression of Thr51 phosphoryla-
tion by chemical inhibition of PIKKs.4>

Anti-CK2 o'

Concluding Remarks

Ponceau staining

Our findings implicate a transient altera-
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tion in chromatin structure mediated by the
mobilisation of HP1B as a proximal and
important step in the cellular response to
DNA breaks, which may promote subsequent
events leading to the sensing, signaling and
repair of these genotoxic lesions. Indeed, it
has previously been shown that cells overex-
pressing HP1 proteins exhibit sensitivity to
ionising radiation,”” speaking to a connection
between HP1P3 mobilisation and DNA repair.
Ponceau staining Although, as noted above, many questions
remain to be answered concerning the events

that trigger HP1 dispersal, and the mecha-

DNA

CK2 o'

nism by which it influences the repair of DNA
lesions, our findings provide a starting point
from which to further elucidate a hitherto
unrecognized signaling cascade mediating the
cellular response to DNA damage.

Our findings highlight the mounting
evidence that structural alterations in chro-
matin are an intrinsic and essential feature
of the mechanisms used by cells to sense

and signal DNA lesions. Interestingly, we

Figure 5. CK2 neither co-immunoprecipitates with HP1pB nor co-localizes with it affer DNA dam-
age. (A and B) show a western blot analysis of proteins pulled down with Histagged HP1B trans-
fected in U20S cells before and after DNA damage induced by etoposide. The blots were probed
with antibodies against CK2a' (A, top), CK2p (B, top). Ponceau staining shows the amount of
His-HP 1B pulled down and serves as a loading control (A and B, bottom). UT, untransfected cells;
M, protein molecular weight markers. (C) laser micro-irradiation with Hoechst pretreatment and
subsequent immunofluorescence 10 min post-damage also fails to detect a local enrichment of the

CK2 catalytic subunit (red) at sites marked by YH2AX (green). Robust phospho-Thr51 HP1 staining

find in this instance that chromatin changes
are brought about not by modifications in
the histone code, but by phosphorylation
of a protein, HP1, that translates the code.
This illustrates the concept that transient
chromatin alterations necessary for other
important biological processes like transcrip-

is observed at a similar time point (Fig. S7; ref. 45).

earlier in this article raised the possibility that HP1f modification
might facilitate PIKK activation at sites of DNA breakage, and
conversely, that PIKK activation could promote HP1P phosphory-
lation, triggering a local, looping cascade of events to signal DNA
breakage. The effect of PIKK enzymes on HP1B phosphoryla-
tion seems likely to be indirect, since HP1 neither contains the
consensus phosphosite motif, nor is it represented in proteomic
screens for PIKK substrates. It is therefore conceivable that PIKKSs
work to promote CK2 activation at damage sites, directly or indi-
rectly. For example, PIKK enzymes could directly modify CK2,
enhancing its activity and ability to modify Thr51 on HPI.
Alternatively, working indirectly, PIKK enzymes might modify and
inactivate phosphatases in the vicinity of damage sites, fostering
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tion may also be triggered by changes in
histone-code effector proteins, rather than the code itself.

Our findings implicate CK2 in the earliest cellular responses to
DNA breakage, and underscore our limited understanding of how
this nuclear kinase, although ubiquitously distributed, may never-
theless be activated (or act) focally. Given mounting evidence for
CK2’s role in several facets of the DNA damage response,>:80-84
it seems likely that further CK2 substrates that participate in this
pathway remain to be discovered. This should help in elucidating
the role of this kinase in carcinogenesis,”! and help to refine efforts
to target it for cancer therapy.”!

Our earlier work® highlights the role played by the rapid,
transient mobilization of HP1 within seconds after DNA damage
in paving the way for H2AX phosphorylation. We emphasize,

2009; Vol. 8 Issue 10
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however, as supported by the data we show here, that this may
represent only one facet of a complex picture. Clearly, HP1
re-accumulates over time on sites of damage from which it was
mobilized, and this response, too, may contribute to the process of
DNA damage sensing and repair, but in a functionally distinct way
from the initial mobilization.

Finally, our work illustrates how advances in interventional
microscopy and live-cell imaging techniques enable studies on
dynamic and reversible biological events that occur within seconds
after DNA damage. Indeed, such transient and subtle regulatory
mechanisms based on protein turnover and binding affinity could
also influence several other aspects of the DNA damage response,
hitherto unrecognized by the conventional biochemical techniques
thus far used to characterize them.
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