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Abstract
The mammalian genome is protected against genotoxic stress by DNA damage

response (DDR) mechanisms that include DNA repair. Heterochromatin protein 1

(HP1) family members are chromatin-associated proteins involved in transcription and

replication. In this study we show that the HP1 isoforms HP1α, HP1β and HP1γ are

recruited to DNA lesions in living human cells. This response to DNAdamage strictly

requires the chromo shadow domain of the HP1 protein and occurs at sites of double

strand breaks and at sites of helix-distorting lesions. Evidence is provided that HP1 is

not involved DNA repair itself. We show that several HP1-interacting proteins are also

recruited to DNA damage, including chromatin remodelling factors and DNA and

histone methyltransferases. Loss of HP1 results in high sensitivity to UV-induced

damage in the nematode C. elegans, providing evidence for involvement of HP1 in a

DDR mechanism. These results suggest a novel function of HP1 proteins and reveal a

link between maintenance of epigenetic information and DNA damage responses.

Introduction
The genetic component of chromatin (i.e. the DNA) can be damaged by various sources

including ionizing and ultraviolet (UV) radiation. Cells respond to genotoxic stress by

activating interwoven DNAdamage response (DDR) pathways including DNA repair,

cell cycle arrest, repression of transcription, senescence and apoptosis (Bartek and

Lukas, 2007; Huen and Chen, 2008; Shimada et al., 2008). To restore the genetic

information after it has been compromised, several sophisticated DNArepair pathways

have evolved, each dealing with specific lesions (Hoeijmakers, 2001). Nucleotide

excision repair (NER) removes bulky adducts and UV-induced pyrimidine-pyrimidone

(6-4) photoproducts (6-4PPs) and cyclobutane pyrimidine dimers (CPDs) from the

genome (de Laat et al., 1999). NER involves lesion detection by stalled RNA

Polymerase II (for transcription-coupled NER or TC-NER) or XPC and DDB2

complexes (for global genome NER or GG-NER) and subsequent unwinding of DNA

(TFIIH, RPA, XPA), incision of the damaged strand (XPG and ERCC1-XPF) and DNA

resynthesis, which is performed by the DNA replication machinery (de Laat et al.,

1999; Fousteri and Mullenders, 2008; Friedberg, 2001; Hoeijmakers, 2001). DNA

double strand breaks (DSB) induced by, amongst others, ionizing radiation, are

removed by homologous recombination (HR) or non-homologous end-joining (NHEJ).

Repair by HR requires a homologous template, which is available during S and G2

phases. Therefore HR is active during these stages of the cell-cycle, whereas NHEJ

repairs DSBs mainly in G1(Kanaar et al., 2008).

Chromatin is the substrate for all genome-associated processes in eukaryotes such as

replication, transcription and DNA repair. Besides the genetic information, chroma tin

encodes inherited epigenetic information by means of DNA methylation, histone
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variants and post-translational modifications of histones (Henikoff et al., 2004;

Jenuwein and Allis, 2001; Turner, 2002). The maintenance of epigenetic information

is crucial to regulate gene expression profiles and maintain cellular identity. How

epigenetic information is maintained during DNA repair is currently not understood.

A major obstacle for NER in eukaryotic cells is the packaging of damaged DNA into

chromatin. In general, chromatin is considered inhibitory to processes associated with

DNA and the rate of repair in a chromatin context is decreased to about 10% of that

on naked DNA (Hara et al., 2000; Ura et al., 2001; Wang et al., 1991). To overcome

this obstacle, cells employ a number of chromatin modifying activities to create a more

permissive environment for repair locally. It has been demonstrated that NER in mono-

and di-nucleosomes is considerably enhanced by ATP-dependent remodelling factors

like SWI/SNF andACF1 (containing ISWI) (Hara and Sancar, 2002; Ura et al., 2001),

although it is unclear whether these factors also stimulate NER in vivo. Several other

mechanisms, including histone ubiquitylation (Kapetanaki et al., 2006; Wang et al.,

2006a), histone acetylation (Brand et al., 2001; Fousteri et al., 2006; Martinez et al.,

2001) and small acidic proteins (e.g. GADD45 and ING) that increase the accessibility

of nucleosomal DNA, have been suggested to enhance NER in a chromatin

environment (Carrier et al., 1999; Cheung et al., 2001; Kuo et al., 2007; Smith et al.,

2000; Smith et al., 1996; Wang et al., 2006b). Following removal of DNA injuries,

cells need to restore the original chromatin structure to maintain the epigenetic

information, which requires specialized factors (Groth et al., 2007). For instance, CAF1

is recruited to NER sites followed by incorporation of histone H3.1, reflecting a

chromatin reassembly step after repair (Green andAlmouzni, 2003; Polo et al., 2006).

Such a model in which chromatin rearrangements precede and follow DNA repair, has

been put forward as the access-repair-restore model that has proven very useful for

understanding how NER operates on a chromatin template (Green andAlmouzni, 2002;

Smerdon, 1991). This model is conceptually appealing and predicts that epigenetic

regulators are involved in chromatin rearrangements before, during or after DNA

repair.

The heterochromatin protein 1 (HP1) isoforms, HP1α, HP1β and HP1γ are versatile

epigenetic regulators with functions in chromatin organization, transcription regulation

and DNA replication (Lomberk et al., 2006; Maison and Almouzni, 2004). All three

HP1 isoforms share a common dimerization motif allowing them to form homo and

heterodimers (Cowieson et al., 2000). The versatility of HP1 proteins in various

chromatin-interacting processes raises the question whether these proteins are involved

in DNA damage response mechanisms. HP1 proteins, amongst others localize to

pericentromeric heterochromatin (Mateos-Langerak et al., 2007; Schmiedeberg et al.,

2004). Expression of genes is considerably decreased when HP1 is targeted to them

(Ayyanathan et al., 2003; van der Vlag et al., 2000). We previously demonstrated that

targeted binding of HP1 triggers formation of heterochromatin (Verschure et al., 2005).
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However, depletion of chromatin-bound HP1 did not result in loss of heterochromatin,

suggesting that HP1 is not involved in heterochromatin maintenance (Mateos-Langerak

et al., 2007). Although previous studies have led to the idea that HP1 proteins are

mainly involved in heterochromatin formation it is becoming increasingly clear that

this view needs revision. For instance, analysis of HP1 binding sites along the

Drosophila genome revealed that HP1 also associates with actively transcribed genes

(deWit et al., 2007). Moreover, the HP1γ isoform interacts with RNAPII and is mainly

found in euchromatin (Minc et al., 2000; Vakoc et al., 2005). HP1 proteins directly

bind to methylated H3 at Lys9 via their N-terminal chromodomain (Jacobs and

Khorasanizadeh, 2002). In addition, HP1 dimers interact with a plethora of nuclear

proteins via their C-terminal chromoshadow domains, including Suv(3-9), Suv(4-20),

Dnmt1, CAF1 as well as chromatin remodelling proteins ACF1 and BRG1 (Eskeland

et al., 2007; Fuks et al., 2003; Murzina et al., 1999; Nielsen et al., 2002; Thiru et al.,

2004). This makes HP1 a candidate to serve as a binding platform for the recruitment

of epigenetic regulators in response to DNA damage.

In this study, we present evidence for a novel function of the HP1 proteins in the

response to DNA damage. We demonstrate that the HP1 proteins are recruited to

several types of DNA injuries such as UV-lesions and double strand breaks (DSBs) in

living human cells. A comprehensive in vivo analysis shows that recruitment of HP1

to UV-induced lesions critically depends on the CSD and is independent of the binding

and activity of pre-incision NER proteins. Moreover, we demonstrate that loss of HP1

renders the nematode C. elegans highly sensitive to UV irradiation, providing evidence

for involvement of HP1 in the DNA damage response.

Results

HP1 proteins are recruited to UV-lesions by the chromoshadow domain

To study if HP1 proteins are recruited to sites of UV-induced DNA damage, we used

UV-C light that induces the formation of CPDs and 6-4 PPs. Cell nuclei were locally

irradiated with either a UV-C laser (266 nm; Dinant et al., 2007) or with a UV-C lamp

(254 nm) through a polycarbonate mask with pores of 5 µm, resulting in localized

DNA damage (Luijsterburg et al., 2007; Moné et al., 2004). Both methods trigger

recruitment of NER proteins but not of factors involved in other repair pathways,

demonstrating that these methods produce bona fide NER-specific lesions. Human

HeLa cells and mouse NIH/3T3 were transfected with fluorescent protein-tagged HP1

and mCherry-tagged DDB2 and subsequently irradiated. At irradiated sites that are

marked by the accumulation of fluorescent protein-tagged DDB2, we observed

recruitment of all three HP1 isoforms (mRFP-HP1α, SCFP3a-HP1β and EGFP-HP1γ)

in both cell types (Figure 1A-C). In agreement, endogenous HP1β also accumulated

after local UV irradiation in primary human fibroblasts (data not shown). To confirm
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these results, we carried out photobleaching experiments on mouse cells stably

expressing EGFP-HP1β that were globally UV-C irradiated at 25 J.m-2. Bleaching one

half of a cell nucleus (n = 5 cells) and monitoring the equilibration of bleached and

non-bleached molecules confirmed that a small fraction of EGFP-HP1β was

immobilized in UV-irradiated but not in control cells on a time-scale of several minutes

(Figure 1D,E).

HP1 proteins contain three distinct domains: the N-terminal chromo-domain (CD), the

C-terminal chromoshadow-domain (CSD) and the hinge region that separates the CD

from the CSD. This prompted us to investigate whether a specific HP1 domain is

responsible for the recruitment to DNA damage. Different deletion mutants of HP1β,

lacking CD, CDS or hinge (Figure 2A), were tagged with EGFP or mCherry and tested

for recruitment to UV-irradiated regions. Interestingly, recruitment of mCherry-HP1β

(ΔCD) and EGFP-HP1β (Δhinge) following UV irradiation was observed, but EGFP-

HP1β (ΔCSD) failed to accumulate (Figure 2B-D). To test whether the CSD (amino

acids 98 – 185 of HP1β) is sufficient for recruitment, we fused this domain to EYFP

and show that CSD-EYFP is indeed recruited to sites of localized UV irradiation

(Figure 2E). To verify that the CD is not required for HP1 binding, we examined

recruitment of HP1 in MEFs deficient for Suv39h1 and Suv39h2 (Peters et al., 2001;

Schotta et al., 2004). These proteins are methyl-transferases responsible for tri-methy

lation of H3K9, which is a binding site for HP1 via its CD (Cheutin et al., 2003).

Following UV irradiation, SCFP3a-HP1β clearly accumulated at sites of damage,

confirming that binding of HP1 does not require the CD (data not shown). These results

demonstrate that all three HP1 isoforms are recruited to sites of UV-induced DNA

damage and that this recruitment depends on the CSD.

HP1 recruitment to UV lesions is independent of NER

Cells from placental mammals are fully dependent on NER for the removal of UV-

induced DNA injuries. Several chromatin-related events are triggered by UV-lesions,

such as recruitment of CAF-1 followed by incorporation of histone H3.1 and

ubiquitylation of H2A at lysine 119. These events strictly depend on the binding and

activity of early binding NER proteins, involved in recognition and stabilising of

lesions (Bergink et al., 2006; Green and Almouzni, 2003; Polo et al., 2006). This

favours a scenario in which such chromatin rearrangements occur only after repair by

NER. To investigate whether HP1 recruitment is a late event following repair we tested

accumulation of HP1β in repair-deficient XP-A cells that have compromised GG- and

TC-NER. Unexpectedly, SCFP3a-HP1β accumulated in two XPA mutant cell lines

upon UV irradiation, showing that its recruitment does not require dual incision (Figure

3a). This shows that HP1β binding is not a late step that occurs after DNA repair is

finished.We then considered the possibility that HP1 binding is an early step following

damage detection and tested accumulation in DDB2-deficient and XPC-deficient
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Figure 2. HP1β dele-

tion mutants. (A) Re-

presentation of DNA

constructs encoding

fluorescently tagged

HP1β deletion mutants.

The CD is indicated in

red, the CSD in blue

and the hinge in yellow.

Indicated numbers re-

present amino acids.

(B) Nuclear localiza-

tion of mCherry-HP1β

(ΔCD), (C) EGFP-

HP1β (Δhinge), (D)

EGFP-HP1β (ΔCSD)

or (E) EYFP-CSD in li-

ving HeLa cells locally

irradiated at 100 J.m-2

through 5 μm pores or

irradiated using a UV-C

laser. The site of

local DNA damage is

indicated by accumu

lation of DDB2-mVe-

nus or DDB2-mCherry

Figure 1. Recruitment

of HP1s to UV-

damage. (A) Nuclear

localization ofmRFP-

HP1α, (B) SCFP3a-

HP1β and (C)

EGFP-HP1γ in living

HeLa cells locally

irradiated at 100 J.m-2

though 5 μm pores or

irradiated using a UV-

C laser. The site of

local DNA damage is

indicated by accumula-

tion of DDB2-mVenus

or DDB2-mCherry

(left column in A,B

and C). (D) immunolo-

calisation of endoge-

nous HP1β in locally

UV-irradiated conflu-

ent normal human

fibroblasts through 3 μm pores. UV- damaged sites are visualized by local accumulation of XPA. Combined

FLIP-FRAP analysis on NIH-3T3 cells expressing EGFP-HP1β. Cells were either mock treated (E) or

globally irradiated at 25 J.m-2 (F). Half of a cell nucleus was bleached and the loss of fluoresence (FLIP) was

measured in the non-bleached half (blue line) while the recovery of fluoresence (FRAP) was measured in

the bleached half (red line).



human cells, as well as XPC-inactivated mouse embryonic fibroblasts (MEF), which

express very low levels of DDB2.Accumulation of SCFP3a-HP1β was observed in all

cell lines, showing that HP1 binding is independent of the activity of GG-NER proteins

(Figure 3B-D). Damage detection during TC-NER requires stalled RNAPII and

subsequent recruitment of NER factors depends on the coupling-factor CSB (Fousteri

et al., 2006). However, recruitment of HP1 was also observed in CSB-deficient cells

derived from CS-B patients, indicating that it did not require TC-NER (Figure 3E).

One explanation for recruitment of HP1 to DNAdamage in NER deficient cells is that

the cells that we monitored were in S-phase. Lesions induced by UV light can be

converted to other types of lesions (e.g. DSBs) during replication, which are removed

by other repair pathways than NER. To exclude this possibility, we determined the

cell-cycle stage by expressing mCherry-PCNA together with SCFP3a-HP1β and

DDB2-mVenus in repair-deficient XP-A cells and wild-type MRC5 cells. Recruitment

of HP1β was observed in wild-type and NER-deficient in S-phase as well as non S-

phase cells, as shown by the distribution of PCNA (Supplemental figure S1A and -B).

To verify these results, we examined the distribution of endogenous HP1β in human

cells that do not proliferate (i.e. G0 cells), using Ki67 antigen, as a marker for cell

proliferation. Clear accumulation of endogenous HP1β was observed in G0 cells (Ki67

negative cells) at sites of UV irradiation (Supplemental figure S1C), showing that HP1

accumulation is not due to stalled replication. Together, these results show that HP1

binding following UV irradiation occurs in both cycling and quiescent cells and is

independent of the activity of pre-incision NER proteins and CSB.

We then investigated whether HP1 accumulates longer on damaged DNA in cells in

which UV lesions are not repaired. To test this, accumulation of SCFP3a-HP1β

following local UV damage was measured in XPA-deficient cells (XP12RO) for

several hours. Accumulation of the fusion protein was still observed ~4 hrs after

irradiation (Figure 4A). Conversely, in XPA-deficient cells that were transiently

transfected with mVenus-XPA (to restore the repair capacity), bound HP1β levels

gradually decreased in time and HP1 accumulation was almost lost 4 hrs following

UV irradiation (Figure 4B).Accordingly, accumulation of EYFP-tagged CSD of HP1β

in HeLa cells was also lost ~4 hrs after local irradiation (data not shown). These results

show that binding of HP1 is mainly triggered by the presence of 6-4PPs because this

type of lesion is removed within ~4 hours following repair whereas CPDs are still

abundant at this time. To our knowledge, this is the first example of a protein that is

recruited to sites of UV-induced DNA damage independent of the known NER

factors.

HP1 recruitment to UV lesions is independent of ATR

In addition to DNA repair, cells respond to damaged DNA by activating ATR/ATM
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kinase signaling pathways resulting in activation of cell cycle checkpoint (e.g. Chk1

and Chk2) and phosphorylation of a plethora of proteins involved in the DDR (Bartek

and Lukas, 2007). UV-induced DNA damage activates ATR, which is required for

ubiquitylation of H2A following UV damage (Bergink et al., 2006). It is currently

unclear if ATR activation requires processing of DNA lesion by NER or whether ATR

binds directly to damaged DNA (Choi et al., 2007; O'Driscoll et al., 2003). Since HP1

recruitment to sites of DNAdamage does not require NER, we examined accumulation

of HP1α, β and γ in Seckel cells, which have severely reduced ATR expression

(O'Driscoll et al., 2003). Accumulation of the HP1 isoforms was not affected in ATR

mutant cells following local UV irradiation (Figure 3F). This demonstrates that HP1

recruitment to sites of DNAdamage does not require DNAdamage-induced signalling

mediated by the ATR kinase.

HP1 is recruited to double-stranded breaks

To investigate whether the recruitment of HP1 is restricted to UV-induced DNA

damage or if it is a more general response to different types of lesions, we tested HP1

recruitment upon producing double strand DNA breaks (DSBs). Cells were irradiated

with α-particles from a radioactive Americium (Am-241) source thereby producing

linear tracks of DSBs in cell nuclei (Aten et al., 2004; Stap et al., 2008;Williams et al.,

2007). Human U2OS and mouse NIH/3T3 cells were irradiated with α-particles and

clear linear tracks of γH2A.X were observed by immunolabelling. Accumulation of

EGFP-HP1β in mouse cells and endogenous HP1β in human U2OS cells co-localized

with the linear γH2AX pattern. (Figure 5A,B). In addition, accumulation of GFP-HP1α

and GFP-HP1γ was observed in MRC5 cells upon α-particle irradiation, showing that

all HP1 isoforms are recruited to DSBs (Figure 5; data not shown). Strikingly, complete

co-localization of HP1β and γH2AX was observed near DSBs (Figure 5), which is

different from the observed localization of many DSB repair proteins (e.g. Rad51 or

DNA-PK) that are usually found only in a small area within larger γH2AX domains

(Aten et al., 2004; Bekker-Jensen et al., 2006). This suggests that HP1 associates with

a chromatin area larger than the damaged DNA region. Mammalian cells utilize

homologous recombination (HR; which is only operational in S and G2 ) or non-

homologous end-joining (NHEJ) to remove DSBs from the genome (Wyman and

Kanaar, 2006). The latter pathway is initiation by the KU70/80 dimer (Mari et al.,

2006), which was shown to interact with HP1α (Song et al., 2001). To test whether

HP1 accumulation at DSBs depends on NHEJ or KU70 in particular, we irradiated

wild-type and KU80-deficient CHO cells with α-particles. Clear recruitment of endo-

genous HP1β was observed in both cell types at all γH2A.X tracks, showing that HP1

association is independent of NHEJ (Figure 5C). Co-localization of HP1 with γH2A.X

tracks was detected in all cells, indicating that HP1 binding is independent of the cell

cycle stage. This argues against recruitment by homologous recombination (HR). Thus,

similar to the NER-independent recruitment to UV-lesions, we provide evidence that
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HP1 associates with DSBs independent of NHEJ and possibly independent of HR.
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Figure 4. Long-term accumulation of HP1β in repair-proficient and repair-deficient cells. (A) XP-A

cells were transected with mVenus-XPA (to complement the repair-deficient phenotype), DDB2-

mCherry and SCFP3a-HP1β. Cells were irradiated at 100 J.m-2 and accumulation of HP1β was

monitored for 4 hrs follwing UV irradiation. (B) XP-A cells were transfected with DDB2-mVenus and

SCFP3a-HP1β. Cells were irradiated at 100 J.m-2 and accumulation of HP1β was monitored for 4 hrs

follwing UV irradiation. The accumulation of DDB2-mVenus or DDB2-mCherry indicates the site of

local damage. Accumulation of mVenus-XPA is observed at the site of DNA damage and in nucleoli.

Figure 3. Recruitment of HP1β in NER-deficient cells. (A) Nuclear localization of SCFP3a-HP1β or EGFP-

HP1β in human fibroblasts deficient for XPA, (B) XPC, (C) DDB2, (D) MEFs deficient for XPC, (E) human

fibroblasts deficient for CSB and (F) human seckel cells, which have severly reduced expression of ATR

kinase.All cells were locally irradiated at 100 J.m-2 though 5 μm pores or irradiated using a UV-C laser. The

site of local DNAdamage is indicated by accumulation of DDB2-mVenus, DDB2-mCherry or XPC-mVenus

or by a square (in D and F).



Several HP1-interacting proteins are

recruited to UV-lesions

Having established that HP1 proteins are recrui-

ted to UV-induced DNA damage through the

CSD, we next investigated whether proteins

that interact with this domain also accumulate at

sites of DNA damage. DNA methyltransferase

1 (Dnmt1) directly interacts with the CSD of

HP1 and has previously been shown to accumu-

late at damaged DNA sites (Mortusewicz et al.,

2005). Indeed, EGFP-Dnmt1 accumulated upon

UV irradiation (Figure 6A). If Dnmt1 methyla-

tes DNA at the locally irradiated site, this may
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Figure 5. Recruitment of

HP1β to DSBs. (A)Wild-

type U2OS cells were

irradiated with α-particles

and subsequently labeled

for endogenous HP1β

(green) and γH2A.X

(red). (B) Mouse cells

expressing EGFP-HP1b

(green) were irradiated

with α-particles and sub-

sequently labeled for

γH2A.X (red). (C) Ham-

ster cells deficient in

Ku80 were irradiated

with α-particles and sub-

sequently labeled for en-

dogenous HP1β (green)

and γH2A.X (red). A

merged image of HP1

and γH2A.X is shown.

Figure 6. Recruitment of HP1-binding

proteins to UV-damage. (A) Accumulation of Dnmt1-

EGFP and (B) EYFP-BRG1 in living HeLa cells or MRC5-

Sv cells locally irradiated at 100 J.m-2 though 5 μm pores

or irradiated using a UV-C laser. (C) Accumulation of

Dnmt1-EGFP, and (D) EYFP-BRG1 in living XP-Aor XP-

C cells locally irradiated at 100 J.m-2 though 5 μm pores or

irradiated using a UV-C laser. (E) Accumulation of

SCFP3a-HP1β in Dnmt1 knock-out cells and (F)Accumu-

lation of EGFP-Suv4-20h1 in locally irradiated MRC5-SV

cells.



trigger the binding of MeCP2, which is a protein that binds methylated DNA(Ho et al.,

2008). Also, EGFP-tagged MeCP2 did not accumulate after localized UV irradiation

(data not shown). We also tested accumulation of EYFP-tagged H3K9 methyl

transferase Suv39H1 (Krouwels et al., 2005) at sites of UV-lesions. Local UV

irradiation did not result in recruitment of EYFP-Suv39H1 (data not shown). This

demonstrates that H3K9Me3 is not involved in HP1 recruitment to DNA damage,

consistent with the findings that HP1 is recruited in cells deficient for Suv39h and that

the CD is not required for HP1 binding (data not shown, Figure 2). Interestingly, the

H4K20 methyl-tranferase EGFP-Suv4-20h1 (Schotta et al., 2004; Yang et al., 2008) did

accumulate following UV irradiation (Figure 6F). Previous studies showed that

H4K20me3 depends on Suv3-9 and direct interactions between HP1 and Suv4-20

(Schotta et al., 2004). It appears that after UV damage HP1 recruits Suv4-20

independently of Suv3-9 at damaged sites.

Previous in vitro experiments have suggested a role for ATP-dependent chromatin

remodelling factors like SWI/SNF and ACF1 during DNA repair (Hara and Sancar,

2002; Ura et al., 2001). Interestingly, ACF1 and the SNF2-like BRG1 protein directly

interact with the CSD of HP1 and we tested whether these factors are recruited to sites

of damage in vivo (Eskeland et al., 2007; Nielsen et al., 2002). Upon UV irradiation

of HeLa cells, we observed accumulation of EYFP-BRG1 and ACF1-EGFP, which

can form a heterodimer with ISWI, showing that ATP-dependent remodelling factors

are recruited to sites of UV-induced DNAdamage (Figure 6B, data not shown). Similar

to HP1, accumulation of EGFP-Dnmt1, EYFP-BRG1 and ACF1-EGFP was also

detected in NER-deficient cells (Figure 6C, D, data not shown), suggesting that HP1,

Dnmt1, ACF1 and BRG1 may be involved in a DNA damage response pathway other

than DNA repair. To investigate if the accumulation of HP1 depends on Dnmt1, we

expressed SCFP3a-HP1β in Dnmt1 knock-out cells (Rhee et al., 2000). Results show

that HP1β accumulates upon UV irradiation in the absence of Dnmt1 (Figure 6E),

suggesting that HP1 is not recruited to DNA lesions by this protein.

Loss of HP1 renders C.elegans highly sensitive to UV irradiation

Because knockout of HP1 in mammalian cells is lethal (Filesi et al., 2002; Schotta

etal., 2004), we used the nematode C. elegans to test whether HP1 is functionally

required for the DNAdamage response. Two HP1 homologues (HPL-1 and HPL-2) are

present in C. elegans and loss of both HP1 proteins is also lethal in worms (Coustham

et al., 2006; Schott et al., 2006). To circumvent this problem, we employed animals

lacking HPL-1 and carrying a temperature-senstive allele of HPL-2, which is expressed

at 20°C but not at 25°C (Coustham et al., 2006). To test whether loss of HPL-1 and

HPL-2 results in sensitivity to UV, we exposed eggs of single and double mutant

animals (grown at 25°C) carrying null alleles of hpl-1 and hpl-2 to UV-B radiation (80

J.m-2). Wild-type and NER-deficient xpa-1 null eggs (Stergiou et al., 2007) were also

133

HP1 is involved in the DNA damage response



Chapter 7

134

Supplemental figure S1. HP1β accumulation

is independent of cell cycle. Representative

images of human XP-A cells expressing

mCherry-PCNA (red), SCFP3a-HP1β (cyan)

and DDB2-mVenus (yellow) following local ir-

radiation at 100 J.m-2 through 5 μm pores. (A)

Accumulation of HP1β is observed outside S-

phase when PCNA is homogenously distributed

in the cell nucleus and (B) in S-phase cells (in-

dicated by the typical S-phase pattern of PCNA.

(C) Immunolocalisation of endogenous HP1β in

locally UV-irradiated (3 μm pores, 100 J.m-2) in

quiescent human fibroblasts as visualised by

Ki67 negative staining and in cycling cells as

visualised by Ki67 positive staining.

Figure 7. Survival of C. elegans HP1 knock-out worms upon UV irradiation. (A) Hatching of wild-type, hpl-
1, hpl-2 and hpl-2/hpl-1 mutant eggs 8 hours following collection. (B) Hatching of wild-type, hpl-1, hpl-2
and hpl-2/hpl-1 mutant eggs 8 hours following collection and subsequetly irradiated with UV-B at 80

J.m-2. (C) Quantification of hatching and non-hatching eggs following UV-irradiation releative to non-

irradiated eggs. In addition to wild-type (red bars), hpl-1 (light-yellow bars), hpl-2 (dark-yellow bars) and

hpl-2/hpl-1 (blue bars) mutant eggs, the survival of xpa mutant eggs was also quantified (purple bars).



irradiated at 80 J.m-2. The survival of irradiated eggs was subsequently determined

compared to non-irradiated eggs (Figure 7).Wild-type and hpl-1 or hpl-2 single mutant

worms did not exhibit increased sensitivity to UV-B. Strikingly, UV-B irradiation

caused an immediate growth arrest in hpl-2/hpl-1 double mutant worms comparable to

NER-deficient xpa-1 mutant worms. Similar results were obtained when juvenile hpl-
2/hpl-1 worms were irradiated instead of eggs (data not shown). This indicates that

either HPL-1 or HPL-2 is sufficient for a normal response to DNAdamage, but that loss

of both HP1 proteins renders C. elegans highly sensitive to UV irradiation. These

results reveal an essential role for the HP1 proteins in the DNAdamage response in C.

elegans. The association of HP1 proteins with several types of DNA lesions in

mammalian cells suggests that this DNA damage response mechanism in conserved

between C. elegans and humans.

Discussion
In this study, we provide evidence for a novel function of the HP1 proteins in the DNA

damage response. We show that all three isoforms of human HP1 (α, β and γ) are

recruited to sites of UV-induced DNAdamage (Figure 1) and to areas of DSBs (Figure

5; data not shown). Moreover, HP1 is also recruited to DNA lesions repaired by base

excision repair (Zarebski and Dobrucki, unpublished results). This indicates that HP1

is involved in a variety of DNA repair systems in mammalian cells. Our finding that

C. elegans without HP1 is highly UV sensitive, suggests that HP1 is an essential

component of the DNA damage response. Unexpectedly, recruitment of HP1 to DNA

damage is independent of any of the known damage recognition proteins, such as XPC

and DDB2 in NER and KU70/80 in DSB repair. Moreover, HP1 binding is independent

of DNA-damage induced signalling by ATR kinase (Figure 3). We show that HP1

binding does not require active NER. However, loss of DNA damage-induced HP1

binding sites occurs only in cells that are proficient in NER. HP1 remains bound under

conditions that the NER system is inactive (Fig. 4). This shows that the NER system

and the HP1 system communicate with each other. In conjunction, these results indicate

that the HP1 proteins are involved in NER via a novel mechanism that acts in parallel

to the well-studied NER repair pathway. HP1 is likely involved in a process that

modifies and/or re-establishes the correct chromatin structure at the sites of DNA

damage and that serves various repair systems.

Recently,Ayoub et al. (Ayoub et al., 2008) presented evidence that suggested that HP1β

is mobilized from DNAbreaks, seemingly in contrast with results presented here. This

may be due to the fact these authors use an exceedingly harsh method to inflict DNA

damage in living cells: 200 iterations of 100% power from a 405 nm diode laser under

conditions that the DNA is photo-sensitized with Hoechst and BrdU. Very likely, under

these conditions severe and diverse types of photodamage are induced in the DNA

(Dinant et al., 2007; Williams et al., 2007). Therefore, the data of Ayoub et al. (Ayoub
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et al., 2008) cannot easily be compared to our conditions, which have been chosen so

that either the NER or the DSB repair system is activated.

Recruitment of HP1 to UV-lesions is strictly dependent on the C-terminal chromo

shadow domain (CSD) and does not require the N-terminal chromodomain (CD) or

hinge region (Figure 2). Therefore is unlikely that interaction with methylated H3K9

plays a major role. The CSD of HP1 is known to interact with many nuclear proteins,

including chromatin remodelling factorsACF1 and BRG1, maintenance DNAmethyl-

transferase Dnmt1 and histone chaperone CAF-1 (Eskeland et al., 2007; Fuks et al.,

2003; Murzina et al., 1999; Nielsen et al., 2002). We have shown that, similar to HP1

recruitment, Dnmt1 is recruited to UV-damaged areas in the nucleus independently of

the activity of pre-incision NER proteins (Figure 6). However, recruitment of HP1 did

not depend on Dnmt1, showing that HP1 does not bind to DNA lesions via this protein.

Alternatively, HP1 may serve as a loading platform for various epigenetic regulators

that are involved in DNAdamage response mechanisms and are uncoupled from NER.

In this scenario, HP1 would recruit proteins such as Dnmt1, Suv4-20, BRG1 andACF1

to damage. Previous studies have demonstrated that, in contrast to HP1, recruitment of

CAF-1 depends on dual incision (Green andAlmouzni, 2003) and it is not clear if HP1

and CAF-1 interact at sites of DNA damage.

What is the molecular mechanism and the function of HP1 in DNAdamage response?

Evidently, binding of HP1 at sites of DNA damage after UV damage does neither

require any of the known damage response proteins (XPC, DDB2 or Ku80), nor DNA

repair activity. Consistent with these results, HP1 is not required for NER on naked

DNA in vitro (Aboussekhra et al., 1995). Binding of HP1 fully depends on its

chromoshadow domain, excluding a role of H3K9 methylation.Accordingly, Suv39H1

does not accumulate on damaged DNA and HP1β still accumulates in cells deficient

for Suv39H1. Moreover, HP1 binding does not depend on the presence of the DNA

methyltransferase Dnmt1, which interacts with the chromoshadow domain. In contrast,

the H4K20 methyl-tranferase Suv4-20h1 did accumulate, possibly cooperating with

HP1 in modifying chromatin structure. Our studies unveil an unexpected, intriguing

and apparently ubiquitous link between DNA repair systems and chromatin modifiers.

It is tempting to speculate that HP1 is involved in re-establishing the correct chromatin

state after DNA repair. HP1β was recently shown to associate with inactive RNA pol

II resulting in gene repression, while HP1γ binds to elongating RNApol II, linking the

HP1 proteins directly to regulation of transcription (Mateescu et al., 2008; Smallwood

et al., 2008). It is attractive to speculate that HP1 proteins play a role in regulation of

transcription in chromatin containing UV lesions or DNA breaks, since DNA damage

inhibits transcription independently of DNA repair (Moné et al., 2001; Solovjeva et al.,

2007). This process involves a yet unknown damage detection system in addition to the

known detection pathways.
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Materials and Methods

Cell lines. Cell lines used in this study were HeLa, U2OS, CHOK1, NIH/3T3, NIH/3T3 EGFP-HP1β (Ma-

teos-Langerak et al., 2007), VH10 hTERT immortalised normal human fibroblasts,ATR-deficient GM18366-

hTERT Seckel cells (Bergink et al., 2006), Dnmt1-deficient HCT116 cells (Rhee et al., 2000), Suv3-9h

double knockout MEFs (Peters et al., 2001; Schotta et al., 2004) and KU80-deficient XR-V15B CHO cells

(Mari et al., 2006). The NER-deficient SV40-immortalized cell lines were XP4PA (XP-C), XP20S (XP-A),

XP12RO (XP-A), XP23PV (XP-E), MEFs XPC-/- and CS1AN (CS-B). All cell lines were cultured in a 1:1

mixture of DMEM/Ham’s F10 medium. All media contained glutamine (Gibco, Breda, the Netherlands)

supplemented with antibiotics and 10% FCS and all cells were cultured at 37°C in an atmosphere of 5% CO2.

For immunolocalisation experiments of endogenous HP1β hTERT immortalised human fibroblasts were

grown to confluency for approximately 10 days. Subsequently, cells were synchronised in G0 phase by kee-

ping them for a minimum of 5 days in medium supplemented with 0.2% FCS (serum starved cells).

DNA constructs. HP1α and HP1β cDNAwere ligated in frame with mRFP and super cyan fluorescent pro-

tein 3a (SCFP3a) resulting in mRFP-HP1α and SCFP3a-HP1β, respectively. EGFP-HP1β and EGFP-HP1γ

were a gift from Dr. P. Hemmerich (Schmiedeberg et al., 2004). All constructs were transiently transfected

in various cell lines cells using Lipofectamine 2000. EGFP-HP1β was stably expressed in mouse NIH-3T3

cells as described previously (Mateos-Langerak et al., 2007). HP1β (ΔCD) was tagged with mCherry as

described elsewhere (Mateos-Langerak et al., 2007) and EGFP- HP1β (ΔCSD) and EGFP-HP1β (Δhinge)

were kindly provided by Dr. T. Misteli (Cheutin et al., 2003). EYFP-tagged CSD was provided by Dr. Y. Hi-

rako (Hayakawa et al., 2003). The genes encoding NER proteins XPC, DDB2 and XPA were fused to the

yellow fluorescent protein variant, monomeric Venus (mVenus), resulting in XPC-mVenus, DDB2-mVenus

and mVenus-XPA. In addition, DDB2 was fused to mCherry (Luijsterburg et al., 2007). MeCP2 cDNA(kind

gift from M.C. Cardoso) was fused to EGFP and EGFP-Dnmt1 was provided by Dr. H. Leonardt (Mortuse-

wicz et al., 2005). EYFP-BRG1 was provided by Dr. T. Misteli (Phair et al., 2004) and ACF1-EGFP by Dr.

P.D. Varga-Weisz (Collins et al., 2002). EYFP-Suv3-9H1 was provided by Dr. R.W. Dirks and EGFP-Suv4-

20H1 and H2 by Dr. T. Jenuwein. The cDNAs for SCFP3a and mVenus were provided by Dr. J. Goedhart

(Kremers et al., 2006)and mCherry and mRFP cDNA by Dr. R.Y. Tsien (Campbell et al., 2002; Shaner et

al., 2004).

UV-C irradiation. Lamp-induced UV damage was inflicted using a UV source containing four UV lamps

(Philips TUV 9W PL-S) above the microscope stage. The UV dose rate was measured to be 3 W.m-2 at 254

nm. For induction of global UV-damage, cells were rinsed with medium and irradiated for 9 seconds (25 J.m-

2). For induction of local UV-damage, cells were UV irradiated through a polycarbonate mask (Millipore

Billerica, Massachusetts, USA) with pores of 3 or 5 μm for 39 or 11.7 seconds (100 or 30 J.m-2) (Luijsterburg

et al., 2007). Laser-induced UV damage was inflicted by using a 2 mW pulsed (7.8 kHz) diode pumped

solid state laser emitting at 266 nm (Rapp OptoElectronic, Hamburg GmbH). The laser was connected to a

Zeiss LSM 510 confocal microscope with an Axiovert 200 M housing adapted for UV by all-quartz optics.

A special adaptor (ZSI-A200, Rapp OptoElectronic) to fit in the aperture slider position of anAxiovert 200

microscope was developed by Rapp OptoElectronic to focus the laser on a sample. For local UV-C irradiation

experiments, cells were grown on 25 mm diameter quartz coverslips (010191T-AB, SPI supplies) (Dinant

et al., 2007).

α-particle irradiation. Cells were plated in custom-made culture dishes containing an ultra-thin Mylar bot-

tom. (Aten et al., 2004; Stap et al., 2008). The Mylar membrane was coated with carbon to improve attach-

ment of cells. Cells were incubated for 24 hours at 37 ºC and subsequently irradiated using an americium

(Am-241) source with an activity of 140 kBq. The americium source was placed underneath the dish, just

touching the Mylar membrane. The source was placed at an angle of 30° with the horizontal plane to obtain

long linear arrays of DSBs. Cells were irradiated at room temperature for 0.5 min and subsequently fixed

using paraformaldehyde (final concentration 2%).

Immunofluorescence. Fixed cells were immunostained as described previously (Aten et al., 2004; Stap et

al., 2008). The following primary antibodies were used: mouse monoclonal antibody against γH2A.X (clone

JBW301, Upstate Biotechnology, Waltham, MA, USA), mouse monoclonal antibody against XPA (clone
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12F5,Abcam) and rat monoclonal antibody against HP1β (1:250; a kind gift from Dr. Prim Singh (Wreggett

et al., 1994). Secondary antibodies: goat anti-mouse Cy3 and goat anti-rat FITC (both from Jackson Immu-

noResearch Laboratories, West Grove, Pennsylvania, USA). All antibodies were diluted in PBS containing

0.1% Triton-X 100 and 1% Foetal Calf Serum. Fluorescence microscopy images were acquired using a

Leica DM RAHC microscope (Leica Microsystems, Wetzlar, Germany) equipped with a PLANAPO 100x

/ 1.40 oil objective and a cooled CCD camera (KX1400, Apogee Instruments, CA, USA).

Microscopic analysis. Cells were imaged on a Zeiss LSM 510 confocal microscope, equipped with a 63x

Ultrafluar (1.2 NA) glycerol immersion lens (Zeiss, Oberkochen, Germany) and a 30 mWArgon laser (488

and 514 nm), or on a ZeissAxiovert 200M wide field fluorescence microscope, equipped with a 100x Plan-

Apochromat (1.4 NA) oil immersion lens (Zeiss, Oberkochen, Germany) and a Cairn XenonArc lamp with

monochromator (Cairn research, Kent, U.K.). Images were recorded with a cooled CCD camera (Coolsnap

HQ, Roper Scientific, USA). Both microscopes were equipped with an objective heater and cells were exa-

mined in microscopy medium (137 mM NaCl, 5.4 mM KCl, 1,8 mM CaCl2, 0.8 mM MgSO4, 20 mM D-

glucose and 20 mM HEPES) at 37°C.

Combined FLIP and FRAP. FRAP analysis was used to measure the immobilization of EGFP-HP1β after

global UV irradiation as described by Houtsmuller and co-workers (Hoogstraten et al., 2002; Zotter et al.,

2006). Briefly, ~50% of the nuclei of NIH/3T3 cells expressing EGFP-HP1β were bleached using 100%

power of a 488 and 514 laser line. The loss of fluorescence from the non-bleached half (FLIP) and the gain

of fluorescence in the bleached half (FRAP) were determined. The data was corrected for background values

and normalized to pre-bleach intensity.

C. elegans UV-B survival assay. C. elegans strains used were Bristol N2 (wild type), hpl-1(tm1624), hpl-
2(tm1489), hpl-2(tm1489); hpl-1(tm1624) (constructed using PCR to confirm deletions) and xpa-1(ok698).
The hpl-1(tm1624) and xpa-1(ok698) are likely null alleles (Schott et al., 2006; Stergiou et al., 2007), whe-
reas hpl-2(tm1489) is a null allele that causes severe growth delay and sterility only at 25°C but not at 20°C

(Coustham et al., 2006). Thus, it was possible to test UV-sensitivity by growing animals at 20°C and trans-

ferring them to 25°C directly following UV-irradiation. To test UV-sensitivity, eggs were collected from

gravid adult animals by ClNaO/NaOH treatment and placed on culture plates seeded with HT115 bacteria

at 20°C. Eight hours following egg collection, eggs were irradiated using two FS20 erythemal UV-B lamps

(Phillips, Eindhoven, the Netherlands), after which survival rate was determined by counting the amount of

hatching eggs (surviving animals) and non-hatching, dead eggs.Additional details are available upon request.
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